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A  General IntroductionPart of this chapter was published: Biochem. Cell Biol. 78: 289-298 (2000)
L
8In all eukaryotic cells, protein secretion is of fundamental importance for a number of biological 
processes. In particular, complex multicellular organisms heavily rely on the perception of 
external stimuli and cell-cell communication for their proper functioning. Therefore, eukaryotic 
cells are equipped with a secretory pathway that continuously delivers new components to the 
plasma membrane and secretes various types of molecules by exocytosis. In this way, 
transmembrane receptor proteins are exposed on the plasma membrane and can bind 
extracellular ligands leading to an intracellular response. Also, molecules are secreted that 
themselves act as messengers to other cells. The secretory pathway is composed of a number 
of distinct membrane-bounded compartments, each of them having a specialized task in the 
process of protein biosynthesis (Palade, 1975). Numerous sorting- and packaging events of 
both cargo proteins and functional components of the secretory pathway are involved in the 
back- and forth transport between the secretory compartments. The family of transmembrane 
proteins that is described and characterized in this thesis, the p24 family, may play a crucial role 
in the formation and packaging of the transport intermediates that mediate protein transport at 
the endoplasmic reticulum (ER)-Golgi interface. In this introductory chapter, the various topics 
that are relevant for the research described in this thesis will be outlined, focusing on the 
formation of transport vesicles and the key players that are thought to be involved in this 
process.
THE SECRETORY PATHWAY
Newly synthesized proteins destined for secretion, as well as those destined for secretory 
pathway compartments (lysosomes and the plamsa membrane), enter the secretory pathway via 
the translocation machinery in the ER (Rapoport et al., 1996). In the ER, many of the newly 
synthesized proteins become N-linked glycosylated and they acquire their proper conformation 
through chaperone-assisted folding, disulfide bridge formation, and/or oligomerization. Correctly 
folded and -modified cargo proteins subsequently enter specialized regions of the ER, the so- 
called transitional elements or ER exit sites, where they are packaged in transport vesicles 
(Bannykh et al., 1996; Bannykh and Balch, 1997). These ER-derived vesicles fuse with or 
collectively form vesicular tubular clusters (VTCs; Balch et al., 1994; Tisdale et al., 1997) also 
referred to as ER-Golgi intermediate compartment (ERGIC; Schweizer et al., 1990). The 
intermediate compartments are subsequently transported along microtubules towards the Golgi 
complex (Saraste and Svensson, 1991; Presley et al., 1997; Scales et al., 1997). The Golgi 
complex is organized as a series of polarized stacks of flattened cisternae, with a cis-side faced 
to the nucleus and a trans-side oriented to the plasma membrane. Functionally, it is situated in 
between the ER and the plasma membrane, where it is involved in numerous bidirectional 
membrane trafficking routes of the endocytic and secretory pathway (Rothman and Wieland,
1996). Cargo proteins that pass through the Golgi often undergo all kinds of covalent 
modifications, including O-linked glycosylation, remodelling of the N-linked glycans obtained in 
the ER, and sulfation (Kornfeld and Kornfeld, 1985; Huttner, 1988; Mellman and Simons, 1992; 
Rottger et al., 1998).
The non-resident proteins leave the Golgi at the trans-face, which is referred to as the Trans- 
Golgi Network (TGN). The TGN is generally considered to be the sorting station of the 
secretory pathway, distributing lysosomal and secretory proteins to their post-Golgi 
compartments (Griffiths and Simons, 1986). Lysosomal proteins are recognized and targeted 
from the TGN to the lysosomal route by virtue of their binding to mannose-6-phosphate 
receptors (Kornfeld and Mellman, 1989). Secretory proteins will be targeted in either of two 
directions (Kelly, 1985): some proteins are transported in secretory vesicles that move in a 
steady stream to the plasma membrane where they immediately fuse to release their contents. 
Since this fusion event is not regulated, these proteins are said to follow the constitutive 
secretory pathway. However, certain specialized cells (i.e. neurons, endocrine-, and exocrine 
cells) in addition contain another secretory pathway in which the secretion is regulated. In this 
so-called regulated secretory pathway, the secretory vesicles are stored as dense structures 
called secretory granules. They are released only upon an extracellular signal, which is often a 
chemical messenger, such as a hormone or neurotransmitter.
The compartmentalization of the secretory pathway enables a cell to produce large amounts of 
proteins in an environment that is separated from the rest of the cell. Moreover, it allows the cell 
to perform the step-wise biosynthesis of these proteins, which is often a complex sequence of 
events, including folding, covalent modifications, cleavages, and/or the oligomerization of
different subunits, in a step-wise manner. En route through the secretory compartments physical 
parameters, like pH and Ca2+-concentration as well as the composition of lipids and resident 
proteins, gradually change, creating the proper microenvironment for each compartment to carry 
out their tasks in the biosynthetic process. To control each step of biosynthesis and to maintain 
the integrity of each organelle, the transport of carrier vesicles between the compartments is 
strictly regulated. This regulation occurs at three levels, namely vesicle targeting and fusion, 
vesicle budding, and vesicle recycling, which can be considered the Trinity of membrane traffic 
(Mellman and Warren, 2000).
TARGETING OF CARRIER VESICLES BETWEEN COMPARTMENTS
To achieve direct and accurate delivery, carrier vesicles are tracked along microtubules and 
actin filaments towards their target organelle (Rogers and Gelfand, 2000), where the two 
membranes specifically interact (a process named tethering), followed by docking and fusion. 
Membrane tethering involves numerous soluble effector proteins that are evolutionarily 
unrelated, and are likely to play a key role in the specificity of vesicle targeting (TerBush et al., 
1996; Sacher et al., 1998; Waters and Pfeffer, 1999). The subsequent docking event is 
characterized by a high-affinity interaction of particular combinations of Soluble N- 
ethylmaleimide sensitive factor attachment protein receptors (SNAREs) that are located on the 
opposing membranes. Vesicle (v)-SNAREs interact with their corresponding compartment- 
specific target (t)-SNAREs, releasing enough energy to force the membranes to fuse (Sollner et 
al., 1993; Weber et al., 1998). Another important family involved in the regulation of vesicle 
targeting is that of the Rab GTPases. The numerous members of this family seem to be involved 
in all membrane fusion events throughout the cell and are believed to facilitate transport along 
cytoskeletal elements, recruite effectors required for tethering, and selectively activate the 
SNARE fusion machinery (Echard et al., 1998; Christoforidis et al., 1999; Guo et al., 1999; 
McBride et al., 1999; Nielsen et al., 1999; Peterson et al., 1999). Most likely, the collaborative 
effort of the various effector proteins, the SNAREs, and the Rab proteins together provide the 
targeting specificity inherent in membrane fusion events (Pfeffer, 1999; Waters and Pfeffer, 
1999; Guo et al., 2000).
COAT PROTEINS AND VESICLE BUDDING
Another regulatory principle of cargo transport between compartments is molecular sorting, 
which involves the selective inclusion or exclusion of proteins during the formation of nascent 
anterograde transport vesicles, as well as the ability to segregate and retrieve transport 
machinery proteins and resident proteins after fusion of these transport vesicles. A well- 
characterized example of cargo selection during vesicle budding is the already mentioned 
mannose-6-phosphate mediated inclusion of lysosomal proteins towards the endosomal 
pathway (Kornfeld and Mellman, 1989). The generation of transport vesicles typically involves 
the assembly of coat subunits at the cytoplasmic side of the membrane, which initiates the 
formation of curvatures, or coated buds, in the donor membrane. Three different types of coat 
complexes have thus far been described (Figure 1-1). The first is clathrin, which associates in 
conjunction with one of the so-called adaptor complexes (AP-1, AP-2, AP-3 or AP-4) to target 
membranes to the plasma membrane or to the endosomal pathway (Hirst and Robinson, 1998). 
Another coat protein complex, COPI, generally acts in the early secretory pathway (Oprins et al., 
1993), where it mediates the retrieval of components within the Golgi complex, and from 
intermediate compartments and Golgi to the ER (Figure 1-1; Letourneur et al., 1994). In 
addition, COPI has been suggested to have an additional role in anterograde transport through 
the Golgi complex (Orci et al., 1997; Nickel et al., 1998). COPII coat complexes only act on the 
membranes of ER exit sites, where they are responsible for the formation of export vesicles 
(Barlowe et al., 1994; Kuehn and Schekman, 1997; Barlowe, 1998). After budding, the export 
vesicles release their COPII coat and assemble to form intermediate compartments that are 
transported along microtubuli towards the cis-Golgi (Figure 1-1; Presley et al., 1997; Scales et 
al., 1997; Shima et al., 1999; Stephens et al., 2000). There is no structural relationship between 
COPI and COPII, and the |3-, 8-, and Z-subunits of COPI are only distantly related to subunits of 
the adaptor complex (Barlowe et al., 1994; Cosson et al., 1996; Lowe and Kreis, 1998). 
However, there are similarities in the mechanism of coat formation, since in all cases the donor 
membranes first seem to be primed by the recruitment of a small GTPase in its GTP-bound 
state, which is one of the ADP-ribosylation factors (ARF) for clathrin- and COPI coats
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Figure 1-1. Schematic drawing depicting a 
m odel for vesicular transport between the 
endoplasm ic reticulum (ER) and G olgi complex. 
Cargo proteins are packaged in the ribosome- 
free ER exit sites into nascent CO PII-coated  
vesicles. Once budded o ff from the ER  
membrane, these vesicles lose their coat and  
fuse to form the intermediate compartments 
(ICs). These IC  elements are transported along 
m icrotubu li (mt) towards the c is-G olg i network 
(CGN), while releasing CO PI-coated vesicles 
that cycle components o f the machinery or 
escaped ER resident proteins back to the ER. 
CO PI-coated vesicles are also thought to be 
involved in retrograde transport o f resident 
proteins within the G olgi complex. A th ird  type o f 
coat complex, nam ed clathrin, acts in the late part 
o f the secretory pathway, facilitating transport 
between the trans-Golgi network (TGN), the 
endosomal pathway and the plasma membrane.
and Sar1p for COPII, followed by the binding of preassembled coat subunits (Hirst and 
Robinson, 1998; Springer et al., 1999). Next to their proposed role in membrane deformation, 
coat proteins are also directly involved in the selective inclusion of proteins in these nascent 
transport vesicles. Many recycling transmembrane proteins enable their own inclusion in coated 
buds by directly interacting with coat subunits via sequence motifs in their cytoplasmic tail. For 
example, tyrosine-containing tetrapeptides (YXX0, where X is any amino acid and 0  is a bulky 
hydrophobic amino acid) or dileucine motifs on cytoplasmic domains of plasma membrane 
proteins or proteins in the endosomal system interact with one of the adaptor proteins, enabling 
their concentration in clathrin-coated transport vesicles (Bonifacino and Dell'Angelica, 1999). 
Similarly, most transmembrane proteins that constitute the machinery of vesicular transport in 
the ER-Golgi interface have cytoplasmic tail motifs that ensure their inclusion in COP-coated 
vesicles (e.g. the dilysine motifs for binding to COPI and the diphenylalanine motif for COPII- 
binding; Letourneur et al., 1994; Cosson and Letourneur, 1994; Aridor and Balch, 1996; 
Kappeler et al., 1997; Dominguez et al., 1998; Springer and Schekman, 1998). By doing so, 
these proteins may directly contribute to the formation of transport vesicles.
SELECTIVE CARGO TRANSPORT BETWEEN ER AND GOLGI
Cargo proteins differ from proteins of the transport machinery in that they are transported 
unidirectionally through the secretory pathway instead of being continuously recycled. Soluble, 
lumenal cargo cannot directly interact with the cytoplasmic coat subunits and also 
transmembrane cargo proteins do not seem to contain the targeting motifs used by transport 
machinery proteins. Nevertheless, the export of cargo proteins out of the ER is controlled at 
various levels. First of all, retention and retrieval of ER resident proteins leads to the segregation 
of these proteins from transport-competent cargo. Retrieval of escaped lumenal ER proteins, 
such as binding protein (BiP), calreticulin, glucose-related protein 94 (GRP94), and protein 
disulphide isomerase (PDI), from intermediate compartment or cis-Golgi is facilitated by a 
characteristic KDEL tetrapeptide sequence that binds to a retrieval receptor, known as the 
KDEL receptor (Munro and Pelham, 1987; Pelham, 1996). ER resident transmembrane proteins 
(e.g. calnexin) are equipped with a dilysine motif, which enables their retrieval in a way similar to 
the transport machinery proteins (Nilsson et al., 1989; Nilsson and Warren, 1994). The 
mechanisms underlying ER retention are less clear, but may also be mediated by sequence 
motifs (Andersson et al., 1999). Moreover, there is evidence that the resident ER proteins form
a dynamic network that is stabilized by weak interactions modulated by the high Ca2+ 
concentration (Kreibich et al., 1978; Booth and Koch, 1989; Sambrook and Roos, 1990). 
Secondly, incompletely or incorrectly folded or assembled cargo proteins, which are common 
side-products of protein synthesis in the ER, are also segregated from transport-competent 
cargo by a process named quality control. During protein folding and -assembly, these immature 
proteins are continuously bound and released by the various ER resident proteins until the 
proper conformation is attained, which is sufficient to prevent forward transport (Ellgaard et al., 
1999). Proteins that do not acquire their native conformation after several rounds of refolding 
are eventually degraded (Plemper and Wolf, 1999). As such, this mechanism improves the 
overall success of folding and suppresses the premature export of nascent cargo proteins. A 
third important aspect that may contribute to the segregation of cargo proteins from other 
proteins in the ER is the selective packaging during the formation of COPII-coated vesicles in 
the ER exit sites. Although export was previously assumed to occur via a non-selective bulk-flow 
mechanism (Pfeffer and Rothman, 1987; Wieland et al., 1987), there are strong indications that 
certain cargo proteins are enriched around these exit sites relative to the rest of the ER, 
suggesting that a selective sorting mechanism is involved. For example, in vitro studies revealed 
that the type-I transmembrane cargo protein vesicular stomatitis virus glycoprotein (VSV-G) is 
concentrated 5-10-fold in COPII-coated vesicles (Balch et al., 1994; Bannykh et al., 1995), a 
process mediated by a di-acidic motif located in the cytoplasmic tail of this protein (Nishimura 
and Balch, 1997; Nishimura et al., 1999). Since such a motif can be found in a number of other 
type-I transmembrane cargo proteins, this may provide a general mechanism for cargo sorting.
A number of transmembrane cargo proteins rely on the action of other transmembrane proteins 
to facilitate their inclusion into COPII-coated vesicles. In yeast, the ER resident membrane 
protein Shr3p seems to act as a packaging chaperone, being required for the packaging of all 
18 amino acid permeases that are expressed in yeast (Kuehn et al., 1996; Gilstring et al.,
1999). Another group of ER sorting determinants are incorporated into COPII-coated vesicles 
while binding to cargo proteins, thereby facilitating cargo inclusion. Examples are the yeast ER- 
vesicle protein Erv14p, which mediates proper transport of the transmembrane protein Axl2p 
that is required for selection of axial growth sites (Powers and Barlowe, 1998), and the resident 
ER protein BAP31 that controls ER export of the endocytic SNARE protein cellubrevin (Annaert 
et al., 1997). Lumenal cargo has also been found to be concentrated in ER exit sites (Mizuno 
and Singer, 1993; Kuehn et al., 1998), although this may not occur in all cases (Martinez- 
Menärguez et al., 1999). Thus, the inclusion of these cargo proteins into COPII-coated vesicles 
may, at least in some cases, be mediated by transmembrane proteins that interact with cargo in 
the ER lumen and assemble coat proteins on the cytoplasmic site. These transmembrane 
proteins cycle between ER and Golgi complex and are referred to as cargo receptors, because 
the mechanism with which they would operate resembles that of the plasma membrane 
receptor proteins that are involved in receptor-mediated endocytosis.
CARGO RECEPTORS IN ER EXPORT
A protein that was recently shown to act as a cargo receptor for some glycoproteins is the 53 
kDa type I lectin membrane protein ERGIC-53/p58. ERGIC-53, as well as its yeast homolog 
Emp47p, constitutively recycles between ER and intermediate compartment (Aridor et al.,
1995; Schröder et al., 1995; Klumperman et al., 1998), although it is predominantly localized 
to the intermediate compartment (Schweizer et al., 1990). It contains a diphenylalanine motif in 
its cytoplasmic domain that mediates binding to COPII coats (Kappeler et al., 1997). Thus far, 
ERGIC-53 was shown to be crucial for the transport of numerous glycoproteins, including 
lysosomal cathepsins, human coagulation factors V and VIII, and Drosophila ß-integrin (Nichols 
et al., 1998; Vollenweider et al., 1998; Hauri et al., 2000a). Direct evidence for the binding of 
cargo to the cargo receptor was provided by the chemical cross-linking of ERGIC-53 to 
cathepsin Z in hamster cell cultures (Appenzeller et al., 1999).
Other good candidates for cargo receptors, and the focus of this thesis, are the members of the 
p24 family of type-I transmembrane proteins (Stamnes et al., 1995). The p24 proteins are 
abundantly present in COPI- and COPII-coated transport vesicles in the early secretory pathway 
(Rojo et al., 1997), where they constitutively recycle between ER and Golgi (Nickel et al.,
1997), implicating an important role in vesicular transport between these two compartments. 
Based on their amino acid sequences, these proteins have been classified into four main 
subfamilies, named p24a, -ß, -y, and -8 (Dominguez et al., 1998). Structurally, the p24 proteins
C
h
ap
te
rl
: 
G
en
er
al
 I
nt
ro
du
ct
io
n 
11
ZI
Figure 1-2. Multiple alignm ent o f the amino acid  
sequences o f the p24a-, ft-, y-, and  8 proteins 
from human, Caenorhabditis elegans, and  
Saccharomyces cerevisiae. Numbering starts at 
the signal peptidase cleavage site (marked by an 
arrow). When three out o f six (p24a), two out of 
three (p24ft and  -8), or four out o f n ine (p24y) 
amino acids are identical, they are in black  
boxes. The asterisks indicate the two conserved  
cysteines that form a disulfide bridge and  two  
other amino acids that are conserved among the 
whole fam ily are marked b y dots. Predicted  
transmembrane regions are underlined.
are characterized by various conserved domains, including the short cytoplasmically oriented 
carboxy-terminal region and the transmembrane segment. The lumenal amino-terminal part of 
the protein is less well conserved, but contains two conserved cysteine residues that form a 
disulfide bridge, and a stretch of heptad repeats of aliphatic amino acids in a region that is 
predicted to form a coiled-coil structure in some of the proteins. The short cytoplasmic domain 
of p24 proteins can bind to COPII subunits, whereas some members bind to COPI subunits as 
well (Dominguez et al., 1998). The various p24 subfamily members can form heteromeric 
complexes in which a member of each subfamily appears to be represented (Füllekrug et al., 
1999; Marzioch et al., 1999). The fact that in yeast mutants and knockout mice, deficient in the 
expression of a single p24 member, the stability of other family members was compromised 
further indicates that p24 proteins participate in heteromeric complexes (Marzioch et al., 1999; 
Denzel et al., 2000).
To address the issue of the complexity of the p24 family in eukaryotic cells, we made multiple 
alignments of the four subfamilies of p24 proteins from different species, namely human (as a 
representative of higher vertebrates), the nematode Caenorhabditis elegans (a simple 
multicellular organism), and the unicellular yeast S. cerevisiae (Figure 1-2). Database searches 
of both cDNA- and genomic libraries revealed eight human p24 proteins and five members in C. 
elegans. In yeast, the complete set of eight p24 proteins has been described (Marzioch et al.,
1999). An evolutionary tree comprising all of these p24 proteins shows the organization of the 
p24 family (Figure 1-3). Interestingly, the ß- and 8 subfamilies show a lower degree of 
complexity than the a- and y subfamilies. Thus far, the ß- and 8 subfamilies have only one 
representative for each species and their amino acid sequences are well conserved from yeast 
to human. In contrast, human has two p24a- and four p24y members, C. elegans has two p24y 
members, and yeast has three representatives in both the p24a- and p24y subfamilies. The 
three yeast members in both the a- and y subfamilies are closely related to each other and have 
diverged more from the multicellular line of evolution than the yeast members in the ß- and 8 
subfamilies. It appears that within the p24y subfamily the sequences of C. elegans and human 
can be divided into two groups: the y,/y2-subgroup (containing hp24y,, hp24y2, and cp24y2) 
and the y3/y4-subgroup (hp24y3, hp24y4, and cp24y3; Figure 1-1). Perhaps a reclassification of 
these subgroups into separate subfamilies has to be considered once functional data on these 
members become available.
The proposed role as cargo receptors was supported by defects in the transport of a selected 
set of proteins from ER to Golgi observed after disruption of the gene encoding the p24 protein 
Emp24p (yp24ß) from COPII-coated transport vesicles in the yeast Saccharomyces cerevisiae 
(Schimmöller et al., 1995; Elrod-Erickson and Kaiser, 1996). Such a phenotype was also 
observed when one of the other members of the heteromeric complex was disrupted (Erv25p 
(8), Erp1p (a), or Erp2p (y); Belden and Barlowe, 1996; Marzioch et al., 1999). Furthermore, the 
recent finding that in yeast, the p24 proteins Emp24p and Erv25p, which coexist in a 
heteromeric complex, can be directly cross-linked to the cargo protein Gas1p in ER-derived 
vesicles strongly supports the cargo receptor hypothesis (Muniz et al., 2000). Thus, although 
p24 proteins are not essential for vesicular transport in yeast (Springer et al., 2000), they may 
play a direct role in cargo inclusion at the level of the ER.
A number of other putative functions for p24 proteins have been suggested. For instance, the 
p24 proteins may have a role in the ER quality control system preventing the export of mutated 
or misfolded cargo (Wen and Greenwald, 1999). In addition to their role in protein transport, 
the abundance of p24 proteins in the early secretory pathway, and their continuous COPI- 
mediated recycling between Golgi and ER, could provide a mechanism for the membrane
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Figure 1-3. Evolutionary tree o f the known p24  
proteins in human (h), Caenorhabditis elegans 
(c), and  Saccharomyces cerevisiae (y), depicting  
the four proposed p24  subfamilies. The 
sequences were aligned (w ithout s igna l peptide  
sequences) using the PILE-UP software package 
(W isconsin  Package Version 10.0, Genetics 
Com puter Group  (G CG ), Madison, W isconsin). 
L ikelihood mapping  was perform ed (Strimmer 
and von Haeseler, 1997), and  the topology o f the 
tree was reconstructed using Q uarted Puzzling 
(Strimmer et al., 1997; Strim m er and  Von 
Haeseler, 1996). Tree p lotting a nd  manipulation 
was perform ed using the PHYLIP software  
package (Felsenstein, 1993). We thank Dr. J. 
Leunissen o f the Centre fo r M olecular and  
Biom olecular Informatics o f the University o f 
Nijmegen fo r advice on this phylogeny analysis.
removal and subsequent concentration of anterograde cargo in the intermediate compartment, 
as was recently proposed (Martfnez-Menarguez et al., 1999). Other functions are not based on 
direct interactions with cargo proteins during the formation of vesicles, but rather suggest a role 
in vesicle formation itself, driving coat assembly at the membranes of ER (COPII) or 
intermediate compartment/Golgi (COPI), or causing a time-delay during vesicle budding to 
allow transport-incompetent proteins to diffuse away (Nickel and Wieland, 1997; Lavoie et al., 
1999; Kaiser, 2000; Rojo et al., 2000).
TRANSPORT THROUGH THE GOLGI COMPLEX
Anterograde protein transport in the secretory pathway has long been considered as being 
entirely mediated by transport vesicles (Farquhar, 1985; Rothman, 1994). In this vesicular 
transport hypothesis, the Golgi complex consists of a series of stable cisternae, with COPI- 
coated transport vesicles carrying cargo forward from one cisterna to the next, while backwards 
moving COPI-vesicles transport proteins that need to be retrieved. However, recent evidence, 
largely from microscopic studies, is suggestive of an alternative hypothesis (originally proposed 
by early morphologists; Beams and Kessel, 1968), which states that Golgi cisternae form at the 
cis-face of the Golgi, probably by fusion of intermediate compartments, and then progressively 
mature into trans-cisternae. In this so-called cisternal maturation model, COPI-coated vesicles 
are only involved in retrograde transport. Maturation is achieved by the progressive uptake of 
Golgi enzymes from older stacks, while other enzymes are passed through to less matured 
stacks (Glick et al., 1997; Mironov et al., 1997; Bonfanti et al., 1998). Finally, when the trans­
side of the Golgi complex is reached, the cisternae desintegrate, producing various types of 
secretory vesicles. Although conclusive evidence in favor of one of the two models is still 
lacking, cisternal maturation seems to fit better with some observations concerning transport 
through the Golgi complex. For example, large complexes such as algal scales and procollagen 
type I, which cannot enter small transport vesicles, are efficiently transported through the Golgi 
complex, which proves that vesicle-independent Golgi transport is possible (Becker and 
Melkonian, 1996; Bonfanti et al., 1998; Glick and Malhotra, 1998). In addition, recent studies 
revealed that Golgi membranes are highly dynamic and that Golgi resident proteins are 
constantly recycled to earlier compartments, including the ER (Wooding and Pelham, 1998;
Zaal et al., 1999). Moreover, there is a shortage of candidate Soluble N-ethylmaleimide sensitive 
factor attachment protein receptor (SNARE) proteins (one of the vesicle components that have 
a role in specific vesicle docking and fusion events) to explain vesicle-mediated anterograde 
transport (Pelham, 1998). The cisternal maturation hypothesis predicts that the amount of Golgi 
stacks is not fixed. In fact, the capacity of the Golgi complex for cargo molecules is directly 
determined by the amount of transport vesicles leaving the ER, since these vesicles eventually 
form the new Golgi stacks.
How the Golgi complex would maintain the specific steady-state distribution of the different
processing enzymes and resident proteins through the Golgi is still unclear, but could be based 
on altered lipid compositions of the membranes from cis- to trans-Golgi (Van Meer, 1998). At a 
certain stage of maturation of the Golgi stack, the lipid composition would be such that a 
particular set of resident proteins enters retrograde vesicles to be recycled to less matured 
stacks containing the desired lipid composition. An alternative explanation has been provided by 
Glick and coworkers (1997) who proposed that the retrieval motifs of resident proteins can be 
divided in weak and strong competitors in the retrieval mechanism. The strongest competitors 
manage to settle in the early Golgi, whereas the weakest competitors are trans-Golgi enzymes. 
When the ER exit of soluble cargo is indeed facilitated by cargo receptors, the hypothesis of 
cisternal maturation requires only one round of packaging of soluble cargo, since this cargo is 
further transported to the trans-side of the Golgi in the maturing stack. This makes the 
requirements for cargo receptor-mediated ER-Golgi transport much less complicated.
Moreover, when different subsets of secretory proteins are packaged in distinct COPII-coated 
vesicles, this may in fact result in presorting of the secretory proteins, which could increase the 
efficiency of the final sorting step in the trans-Golgi network (TGN). A requirement for such a 
presorting event is that the fusion steps around the ER exit sites and at the cis-side of the Golgi 
complex are regulated such that the mixing of initially sorted cargo during the formation of Golgi 
stacks is prevented. A possibility is that vesicle membrane proteins such as the v-SNAREs 
provide specificity for these homotypic fusions, or that the fusion events of the different classes 
of vesicles occur in different ER subcompartments or along separated microtubular networks.
THE XENOPUS LAEVIS MELANOTROPE CELL AS A MODEL TO STUDY PROTEIN
TRANSPORT
The melanotrope cells of the intermediate pituitary gland of the amphibian Xenopus laevis 
constitute a homogenous population of strictly regulated neuroendocrine secretory cells. In 
these cells, the prohormone proopiomelanocortin (POMC) is processed to a number of 
bioactive peptides, including a-melanophore-stimulating hormone (a-MSH). In amphibians, a- 
MSH mediates the process of background adaptation by causing dispersion of pigment 
granules in skin melanophores (Jenks et al., 1977). For this reason, the biosynthetic and 
secretory activity of Xenopus intermediate pituitary cells is much higher (20-30 fold) in toads 
adapted to a black background than in white-adapted animals (Holthuis et al., 1995a). This 
difference in activity is reflected by tremendous differences in the morphology of the cells (size 
of nuclei; development of endoplasmic reticulum; amount of secretory granules). Biosynthetic 
studies have shown that POMC is by far the major product synthesized by Xenopus 
melanotrope cells (POMC constitutes >80%  of the newly synthesized proteins). In fact, as it 
appears from these and other results, the only function of the melanotrope cell is the production 
and processing of POMC. The specialized task of the secretory pathway in these cells, together 
with the efficiency and ease of manipulating the activity in a physiological way, make the 
melanotrope cells a unique model system to study the regulated pathway of protein secretion.
In order to search for proteins involved in regulated secretion, the melanotrope cells have been 
used in a differential screening approach in which the mRNA populations of intermediate 
pituitaries of white- and black-adapted animals were compared (Holthuis et al., 1995a). This 
approach was based on the assumption that transcripts that are coordinately expressed with 
POMC are likely to participate in steps of its biosynthesis, transport or secretion, while those 
that are not involved need not to be coregulated. A number of both secretory and 
transmembrane components of the secretory pathway were found to be recruited at least ten­
fold in the physiologically activated cells when compared with white animals. Among them was 
the X1262 protein (Holthuis et al., 1995b), a member of the p24S subfamily of p24 proteins 
(named Xp24S2). Further analysis of this protein and of other members of the p24 family in the 
melanotrope cells of Xenopus laevis has led to the results described and discussed in this 
thesis.
AIM AND OUTLINE OF THIS THESIS
The high abundance of p24 proteins in transport elements at the ER-Golgi interface has led to 
the undisputed assumption that these proteins must have an important role in ER-to-Golgi 
transport. Moreover, the structural characteristics of p24 proteins, as well as the disturbed 
transport effects in p24 knockouts in yeast, resulted in the hypothesis that these p24 proteins 
could act as cargo receptors during ER-to-Golgi transport for certain cargo proteins. The
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purpose of the research described in this thesis was to characterize the p24 family in the 
Xenopus melanotrope cells and to obtain more insight into the role the p24 proteins might play 
in the ER-to-Golgi transport of POMC in these cells.
Chapter 2 describes the isolation and characterization of a new member of the p24S subfamily 
in the melanotrope cells, named Xp2481, which, in contrast to Xp24S2, was not coordinately 
expressed with POMC. This finding shows for the first time the presence of p24 subfamily 
members in one cell type and implicates their role in selective protein transport. In chapter 3, 
the identification of six new Xenopus p24 proteins is described, namely Xp24a2, -a3, -|3,, -y,, -y2, 
and -y3. Expression studies revealed that four of these members (a3, Pfl, y2, and y3) are 
expressed in the melanotrope cells, of which a3, Pfl, and y3 are coordinately expressed with 
POMC, similar to S2. In chapter 4 the intracellular localization of the various p24 proteins is 
analyzed, demonstrating that the p24 localization depends on the biosynthetic activity of the 
melanotrope cell. Chapter 5 describes our findings with respect to complex formation of the 
p24 proteins, which suggest that p24 heterodimers, -tetramers and -oligomers occur that may 
assemble and disassemble during the cycling of p24 proteins in the ER-Golgi interface. Finally, 
chapter 6 provides a general discussion of the data described in this thesis and gives directions 
for further research.
Chapter"!: General Introduction
co
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ABSTRACT
The p24 family consists of type I transmembrane proteins that are 
present abundantly in transport vesicles, may play a role in endoplasmic 
reticulum-to-Golgi cargo transport, and have been classified into 
subfamilies named p24a, -p, -y, and -5. We previously identified a 
member of the p245 subfamily that is coordinately expressed with the 
prohormone proopiomelanocortin (POMC) in the melanotrope cells of 
the intermediate pituitary during black background adaptation of the 
amphibian Xenopus laevis (~30-fold increase in POMC mRNA). In this 
study, we report on the characterization of this p245 member (Xp2452), 
and on the identification and characterization of a second member 
(Xp245n) that is also expressed in the melanotrope cells and that has 
66% amino acid sequence identity to Xp2452. The two p245 members are 
ubiquitously expressed, but Xp2452 is neuroendocrine enriched. During 
black background adaptation, the amount of the Xp2452 protein in the 
intermediate pituitary was increased ~25 times, whereas Xp245n protein 
expression was increased only 2.5 times. Furthermore, the level of 
Xp2452 mRNA was ~5-fold higher in the melanotrope cells of black- 
adapted animals than in those of white-adapted animals, whereas 
Xp245n mRNA expression was not induced. Therefore, the expression of 
Xp2452 specifically correlates with the expression of POMC. Together, 
our findings suggest that p245 proteins have a role in selective protein 
transport in the secretory pathway.
INTRODUCTION
Once secretory proteins are correctly folded and assembled in the endoplasmic reticulum (ER), 
they become segregated from ER-resident proteins by their selective incorporation into 
transport vesicles. Formation of these transport vesicles is driven by the coat protein (COP)1 
complex COPII (Barlowe et al., 1994; Aridor et al., 1995; Aridor et al., 1998) and is restricted to 
specialized regions of the ER, called ER-exit sites (Bannykh et al., 1996; Bannykh and Balch, 
1997). Budded vesicles accumulate in a vesicular tubular cluster (Balch et al., 1994; Scales et 
al., 1997), also referred to as the ER-to-Golgi Intermediate Compartment (Schweizer et al., 
1990), which is transported as a whole along microtubules to the Golgi complex (Presley et al., 
1997). During this transport retrograde vesicles coated by another protein complex (COPI) 
recycle ER-resident proteins; within the Golgi complex, a similar mechanism recycles Golgi- 
resident components (Cosson and Letourneur, 1994; Letourneur et al., 1994; Aridor et al.,
1995; Scales et al., 1997). The involvement of COPI in anterograde transport has also been 
proposed (Pepperkok et al., 1993; Bednarek et al., 1995; Orci et al., 1997; Lavoie et al., 1999). 
A group of related 24-kDa type I transmembrane proteins, referred to as the p24 family, has 
been found to be a major constituent of both COPI- and COPII-coated vesicles (Schimmoller et 
al., 1995; Stamnes et al., 1995; Belden and Barlowe, 1996; Dominguez et al., 1998). These 
p24 proteins display a low degree of amino acid sequence identity, but they share certain 
structural characteristics, such as a short cytoplasmic C-tail containing coat-binding motifs and 
a lumenal domain with two cysteine residues that enable the formation of a loop structure 
(Stamnes et al., 1995). Structurally, the p24 family can be subdivided into four subfamilies that 
have been designated p24a, -p, -y and -5 (Dominguez et al., 1998). It has been suggested that 
p24 proteins operate as cargo receptors that sort subsets of secretory proteins into transport 
vesicles through interaction with their luminal domains, whereas their cytoplasmic domains 
provide the transport information for the vesicles by binding to specific coat proteins 
(Schimmoller et al., 1995). Alternatively, p24 proteins may act as coatomer receptors during the 
formation of retrograde transport vesicles (Sohn et al., 1996; Nickel et al., 1997; Nickel and 
Wieland, 1997; Majoul et al., 1998), or may have a role in the quality control of newly 
synthesized cargo proteins in the early secretory pathway (Wen and Greenwald, 1999).
Using a differential screening approach, we recently identified a member of the p24 family 
(X1262) in a highly specialized secretory cell, the melanotrope cell of the intermediate pituitary 
of the amphibian Xenopus laevis (Holthuis et al., 1995b). We use this cell type as a model 
system to explore the pathway of peptide hormone secretion in neuroendocrine cells. The 
melanotrope cells have a well-defined physiological function, namely the production and release
of the a-melanophore-stimulating hormone (aMSH) during adaptation of the animal to a black 
background (Jenks et al., 1977). aMSH is proteolytically cleaved from the prohormone 
proopiomelanocortin (POMC) and causes pigment dispersion in the skin of the animal. In the 
melanotrope cells of animals adapted to a black background, the POMC gene is highly 
expressed and the level of POMC mRNA is up to 30-fold higher than in those of white-adapted 
animals (Martens et al., 1987). Although p24 proteins are thought to be recycled in the 
secretory pathway and thus likely have a much lower turnover than POMC, the expression of 
X1262 mRNA is also strongly induced in black-adapted animals (Holthuis et al., 1995b). Here 
we describe the characterization of X1262 and the isolation and characterization of a second 
member of the p24 family that is related to X1262. Like X1262, this second member is 
expressed in the melanotrope cells, but not coordinately with POMC. Our findings suggest that 
only X1262 and not the novel p24 member is a component involved in the transport of POMC 
through the early stages of the secretory pathway.
MATERIALS AND METHODS
ANIMALS
South African clawed toads, Xenopus laevis, were adapted to their background by keeping 
them in either white or black buckets under constant illumination for at least 3 weeks at 22°C.
ANTIBODIES
Two polyclonal antisera were raised against synthetic peptides. One peptide comprised the 
carboxyl-terminal 14 amino acids of the X1262 protein (CYLRHFFKAKKLIE), and the second 
comprised a stretch of 14 amino acids in the lumenal part of the novel p24 member RH6 
(CFDSKLPAGAGRVP). Both peptides were coupled to Keyhole Limpet Hemocyanin (Pierce, 
Rockford, IL) and used for immunization. The antisera were named anti-1262C and anti-RH6, 
respectively. A third antiserum, anti-1262N, was raised against a recombinant protein that 
constituted part of the lumenal domain of the X1262 protein. For this purpose, we cloned a 
PCR-amplified fragment, encoding amino acids 72-150 of the X1262 protein, in the Qiagen 
(Chatsworth, CA) expression vector pQE30. Next, recombinant protein was produced in 
Escherichia coli, isolated by Ni2+-NTA agarose affinity chromatography, and used for 
immunization. Rabbits were immunized with 500 |ig of coupled peptide or recombinant protein 
in Freund's complete adjuvant. Four weeks later, and at 3-wk intervals thereafter, rabbits were 
boosted with 250 |ig of antigen in Freund's incomplete adjuvant. The production of specific 
antibody was monitored by ELISA. Both anti-RH6 and anti-1262N were purified by affinity- 
chromatography with immobilized recombinant RH6- and X1262 protein, respectively. The 
antisera against a/y-COP (Gerich et al., 1995) and e-COP (Hara-Kuge et al., 1994) were kindly 
provided by Dr. F. Wieland (Institut für Biochemie, University of Heidelberg, Germany). The actin 
antibody was obtained from Zymed (San Fransisco, CA)
CELL CULTURE AND DNA TRANSFECTIONS 
Mouse anterior pituitary-derived AtT20 cells were grown in DMEM (Life Technologies-BRL, 
Grand Island, NY) supplemented with 10% (v/v) FCS, 100 U/ml penicillin, and 100 |ig/ml 
streptomycin. Cells were maintained at 37°C in an atmosphere of 5% CO2. For X1262 
expression in AtT20 cells, the complete coding region of clone X1262 was subcloned 
downstream of the cytomegalovirus promoter into the eukaryotic expression vector pcDNA3 
(Invitrogen, San Diego, CA). X1262-pcDNA3 DNA was isolated with the use of the Qiagen 
plasmid kit and transfected by the calcium phosphate precipitation method (Graham and Van 
der Eb, 1973). After 48 h, the cells were selected for stable expression of X1262 in medium 
containing 700 |ig/ml neomycin (Life Technologies-BRL).
METABOLIC LABELING AND IMMUNOPRECIPITATION 
For metabolic cell labeling, neurointermediate lobes (NILs) of black-adapted Xenopus toads 
were rapidly dissected and preincubated in incubation medium (112 mM NaCl, 2 mM KCl, 2 
mM CaCl2, 15 mM Hepes, pH 7.4, 0.3 mg/ml BSA, 2 mg/ml glucose, pH 7.4) at 22°C for 30 
min. Radioactive labeling of newly synthesized proteins was performed by incubating the NILs in 
incubation medium containing 5 mCi/ml ProMix 35S label (Amersham, Arlington Heights, IL) for 
5 h at 22°C. Where indicated, 10 |ig/ml tunicamycin was added during a preincubation period 
of 2 h and remained present during the subsequent labeling period. After the labeling, NILs
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were rinsed in incubation medium and homogenized on ice in lysis buffer (50 mM Hepes, pH 
7.2, 140 mM NaCI, 1% Tween-20, 0.1% Triton X-100, 0.1% deoxycholate, 0.1% SDS, 1 mM 
PMSF, 0.1 mg/ml soybean trypsin inhibitor). Lysates were cleared by centrifugation, 
supplemented with 0.1 volume of 10% SDS, and diluted 10-fold in lysis buffer before addition 
of the antiserum (1:500 dilution). For metabolic labeling of AtT20 cells, 10-cm2 dishes with 
80% confluent monolayers were rinsed once with medium, preincubated for 30 min in DME- 
labeling medium (90 % Met-/Cys-free DMEM [ICN Biomedical, Costa Mesa, CA], 10% dialyzed 
FBS, 1 mM sodium pyruvate, 2 mM glutamine), and then labeled for 5 h in DME-labeling 
medium with 350 |iCi/ml promix. Subsequently, cells were rinsed once with PBS, lysed in lysis 
buffer, and prepared for immunoprecipitation as described above. Immune complexes were 
precipitated with protein-A-sepharose (Pharmacia Biotech, Uppsala, Sweden), washed four 
times with lysis buffer containing 0.075% SDS, and analyzed on a 15% SDS-polyacrylamide 
gel.
CONSTRUCTION OF THE NIL cDNA LIBRARY AND LOW-STRINGENCY SCREENING 
For cDNA library construction, cytoplasmic RNA was isolated from NILs of 50 black-adapted 
Xenopus toads with the use of the Trizol isolation method (Life Technologies-BRL). After DNase 
I treatment (40 U/ml, 20 min, 37°C; FPLC-pure, Pharmacia Biotech), cDNA was synthesized 
with the use of the commercial cDNA synthesis kit (Stratagene, La Jolla, CA), size-fractionated 
on CL-2B sepharose, and ligated into the HybriZAP vector (Stratagene). The insert sizes varied 
between 0.7 and 2.2 kilobase pairs (average of 1.0 kilobase pairs). At least 50% of the 
amplified NIL cDNA library was found to consist of POMC cDNA clones. About 600,000 
plaques were replicated on duplicate nitrocellulose filters with a density of 400 plaques/cm2 by 
standard procedures (Sambrook et al., 1989). Filters were prehybridized for 2 h at 42°C in 
hybridization mixture (25% [v/v] formamide, 1% [w/v] non-fat dry milk, 1% [v/v] nonidet-P40, 6x 
SSPE) and hybridized overnight at 42°C in the presence of an a-[32P]dATP randomly-labeled 
PCR product that corresponded to the complete coding sequence of X1262 (signal sequence 
excluded). Filters were washed twice in 2x SSC/0.1% SDS for 1 h at 50°C, and exposed to X- 
ray films between two intensifying screens for 16 h at 70°C. Subsequently, filters were 
rewashed with increasing stringency up to 0.1 x  SSC/0.1% SDS at 60°C, and exposed to X-ray 
films. A second screening to identify X1262 cDNAs was performed with an a-[32P]dATP 
randomly-labeled PCR product corresponding to the 3'-untranslated region of X1262 
(nucleotides 820-1070) under high-stringency hybridization conditions (50% formamide at 
42°C). Filters were washed twice in 0.1 x SSC/0.1% SDS for 1 h at 65°C and exposed to x-ray 
films.
DNA SEQUENCE ANALYSIS 
Sequencing of cDNA clones on both strands was performed with single-stranded DNA by 
automatic sequencing with the use of the ABI-PRISM DNA sequencing kit and the ABI- 
PRISM310 automatic sequencer (Perkin-Elmer Applied Biosystems, Foster City, CA).
REVERSE TRANSCRIPTION PCR 
For expression studies, total RNA was isolated from different tissues with the use of the Trizol 
isolation method (Life Technologies-BRL). After treatment with 2.5 units of DNase I, the RNA 
was quantified by spectrophotometry and its integrity was checked by running samples on 
denaturating agarose gels followed by ethidium bromide staining. Subsequently, 2 |ig of total 
RNA was reverse transcribed with 200 U of Superscript (Life Technologies-BRL) under 
standard conditions according to the manufacturer's instructions. Because the expression of 
ornithine decarboxylase (ODC) mRNA is not linked to POMC, we used ODC to correct for 
cDNA input in the PCR. The following primers were used: XODC (385 base pairs [bp]): 5'- 
GTC AAT GAT GGA GTG TAT GGA TC-3', 5'-TCC ATT CCG CTC TCC TGA GCA C-3';
RH6 (456 bp): 5'-CAC AAT CAG GGC CAA GTG CGG-3', 5'-TTT GGC CTT AAA GAA ACG 
GCG-3'; X1262 (307 bp): 5'-CTA GAA TTC ATG ATG TGG CTC CTG CTT TTC-3', 5'-GGG 
CCA GAT CTC GAG AAG CTT AGC AGA CTT CAT ACA CAT C-3'. A total of 12.5 pmol of 
each primer was used in a 25-|il reaction volume containing PCR-buffer (Life Technologies- 
BRL), 2.5 mM MgCl2, and 0.5 units of Taq polymerase (Life Technologies-BRL). To prevent 
saturation problems during the PCR reactions, three dilutions of cDNA (1:25, 1:125, 1:625) 
were used, such that the two most diluted cDNAs gave a smaller amount of PCR product than
the least diluted cDNA. Twenty-five cycles were performed (1 min at 92°C, 30 sec at 55°C, and
1 min at 72°C). Amplified PCR-products were separated on a 2% agarose gel and quantified 
with a densitometer.
NORTHERN BLOT ANALYSIS 
RNA was isolated from NILs and anterior lobes (ALs) from both black- and white-adapted 
animals with the use of the Trizol isolation method. To load approximately equal amounts of RNA 
on the gel, 5 NILs and 10 ALs of black-adapted animals, and 15 NILs and 10 ALs of white- 
adapted animals were used in the isolation procedure. RNA was separated by electrophoresis 
on a 2.2 M formaldehyde-containing 1.2% agarose gel in MOPS buffer and blotted onto 
Hybond filters as described by Ausubel et al. (1989). Hybridization was overnight at 42°C in 6x 
SSPE, 50% formamide, 3x Denhardt's solution, 0.5% SDS, 40 mM sodium phosphate, pH 7.0, 
0.1% sodium pyrophosphate, 0.1 mg/ml salmon sperm DNA. Probes (1 x106 cpm/ml) were 
prepared by random-prime labeling of 3'-untranslated region PCR fragments of either Xp248, or 
Xp24S2.
WESTERN BLOT ANALYSIS 
For Western blot analysis, tissues were homogenized in 50 mM Hepes, pH 7.2, 140 mM NaCl, 
1% Tween-20, 0.1% Triton X-100, 0.1% deoxycholate, 0.1% SDS, 1 mM PMSF, 0.1 mg/ml 
soybean trypsin inhibitor. After the lysates were cleared by centrifugation, they were resolved on 
15% SDS-PAGE and transferred to nitrocellulose membranes (Schleicher & Schuell, Dassel, 
Germany). Immunostaining was performed with the use of Lumi-Light detection (Boehringer 
Mannheim, Mannheim, Germany). All antisera were used in a 1:5000 dilution, except for the 
actin antibody which was used in a 1:1000 dilution. The amount of protein detected was 
quantified using a Lumi-Imager (Boehringer Mannheim).
IMMUNOCYTOCHEMISTRY 
Xenopus brains with pituitary glands attached were fixed for 24 h in Bouin-Hollande solution, 
dehydrated and embedded in paraffin. Serial sagittal 5 |jm sections were mounted on gelatin- 
coated glass slides. After deparaffinization and rehydration, sections were blocked with 1%
BSA in PBS for 1 h, and then incubated with either the affinity-purified anti-1262N antiserum 
(1:1500) or the affinity-purified anti-RH6 antiserum (1:50) for 16 h, with goat anti-rabbit 
immunoglobulin G (1:100; Nordic Immunology, Tilburg, The Netherlands) for 1h, and finally with 
rabbit peroxidase-antiperoxidase (1:100; Nordic Immunology) for 1h. After washing in PBS, 
sections were treated with 0.025% 3,3'-diaminobenzidine tetrahydrochloride, 0.25% nickel 
ammonium sulphate and 0.01% hydrogen peroxide in 0.05 M Tris-HCl, pH 7,6 to reveal 
peroxidase activity. To check the specificity of staining, pre-immune serum was used in control 
experiments.
RESULTS
BIOSYNTHESIS OF THE X1262 PROTEIN IN XENOPUS INTERMEDIATE PITUITARY 
In a previous study we reported on the cloning of a 1.2-kilobase pair cDNA (X1262) from the 
melanotrope cells of the NIL of X. laevis. The protein encoded by X1262 was found to be 
related to gp25L (Holthuis et al., 1995b), a protein originally described as a constituent of a 
translocon-associated protein (TRAP) complex (Wada et al., 1991). However, subsequently 
gp25L was found to be a member of the p24 family of 24-kDa type I transmembrane proteins 
(Stamnes et al., 1995) that is enriched in COP-coated transport vesicles (Blum et al., 1996; 
Fiedler et al., 1996; Sohn et al., 1996). Therefore, the X1262 protein also belongs to the p24 
family and, based on amino acid sequence alignments, represents a member of the p24S 
subfamily.
To investigate the biosynthesis of the X1262 protein, we raised a polyclonal antiserum against 
recombinant X1262 comprising amino acid residues 72-150 (anti-1262N). A second polyclonal 
antiserum was raised against a synthetic peptide comprising the carboxyl terminal 14 amino 
acids of the protein (anti-1262C). Immunoprecipitation analysis of newly synthesized proteins 
produced by the NIL revealed that both the anti-1262N and the anti-1262C antibodies 
recognized two radiolabeled proteins of 23- and 24 kD, whereby the anti-1262N antibody 
showed a higher affinity for the 24-kDa product (Figure 2-1A). When loaded on a non-reducing 
gel, both immunoprecipitated proteins migrated faster in the gel, indicating that each harbors a
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Figure 2 -1 . Two X1262-related proteins in the 
NIL o f Xenopus. (A) NILs o f black-adapted toads 
were radiolabeled, and homogenates were 
im munoprecipitated with either anti-1262C  (c) or 
anti-1262N  (n). (B) NILs were radiolabeled in 
the absence ( - )  or presence (+ ) o f 10 |ig/ml 
tunicamycin (tun), and homogenates were 
im munoprecipitated with the anti-1262C  
antibody. (C) A tT20  cells were stably transfected  
with pcDNA3 vector or X 1262/pcD N A 3 and  
radiolabeled, and homogenates were 
im munoprecipitated with either anti-1262C  (c) or 
anti-1262N  (n). For comparison, radiolabeled NIL 
proteins were also im munoprecipitated with these 
antibodies.
disulfide bridge (our unpublished results). The X1262 protein has one potential N-linked 
glycosylation site, namely Asn-147. When NILs were preincubated and radiolabeled in the 
presence of tunicamycin, which is a blocker of N-linked glycosylation, the migration of the two 
immunoprecipitated proteins was not affected (Figure 2-1B). In contrast, the migration of a 
number of other newly-synthesized proteins (e.g., the N-linked glycosylated POMC) was 
affected, indicating that N-linked glycosylation was indeed blocked. Therefore, we conclude that
neither of the two X1262-like proteins is N-linked glycosylated.
To characterize the two immunoprecipitated NIL products, we transfected X1262 cDNA into 
the mouse anterior pituitary-derived cell line AtT20 and compared on SDS-PAGE the migration 
of the overexpressed protein with that of the two immunoprecipitated Xenopus NIL proteins. In 
mock-transfected AtT20 cells, a single protein of 23 kDa was immunoprecipitated that 
comigrated with the 23-kDa product produced by the NIL (Figure 2-1C), and most likely 
corresponds to endogenous p23, as described for hamster, rat, and human (Sohn et al., 1996; 
Nickel et al., 1997; Rojo et al., 1997; Dominguez et al., 1998). In AtT20 cells stably transfected 
with the X1262 cDNA, an additional immunoprecipitated protein of 24 kDa was detected that 
comigrated with the 24-kDa NIL protein (Figure 2-1C). Therefore, we conclude that the 
immunoreactive 24-kDa protein of the NIL represents the X1262 protein. Because the 
overexpression of X1262 did not increase the level of expression of the 23-kDa product, we 
hypothesized that the corresponding product in the Xenopus NIL may be an additional, X1262- 
related protein.
IDENTIFICATION OF AN X1262-RELATED PROTEIN 
To search for an X1262-related protein that is expressed in the Xenopus melanotrope cells, we 
used the coding region of X1262 cDNA as a probe to screen a NIL cDNA library from black- 
adapted toads under low-stringency hybridization conditions. From a total amount of ~600,000 
plaques that were used in the screening, 161 hybridization-positive clones were obtained after 
washing under low stringency conditions (2x SSC/0.1% SDS; 50°C). The signals of 55 of 
these clones were found to be removed after a more stringent washing step (0.5x SSC/0.1% 
SDS; 55°C), and sequencing of 10 of these clones revealed that they code for a novel Xenopus 
member of the p24 family. The largest of these clones, clone RH6, contained a cDNA insert of 
1070 bp [excluding the polyA-tail], with an ORF of 621 nucleotides. Within the protein­
encoding region, the degree of nucleotide sequence identity between clones X1262 and RH6 
is 68%. The 106 clones that remained positive after more stringent washing were again positive 
in a screening under high stringency conditions with a probe directed against the 3'- 
untranslated region of X1262. Sequence information obtained from 20 of these 106 positive 
clones, revealed that they all originated from the X1262 gene. The numbers of positive clones 
suggest that the level of expression of X1262 is about two times higher than that of clone RH6. 
An alignment of the amino acid sequence deduced from cDNA clone X1262 with the RH6 
sequence revealed that the two proteins are highly related. They are similar in length (205 and 
207 amino acids, respectively), and both have a signal sequence, a transmembrane domain, 
and a short C-tail (Figure 2-2). They share an overall amino acid sequence identity of 66%
Figure 2-2. M ultip le alignm ent o f the p245  
subfamily. A ligned  are the deduced amino acid  
sequences from the Xenopus p245 clones 
X1262  (X p 24 b ) and  R H6 (X p 2 4 b ) the p24b  
sequence of human (hp245), mouse (mp24S), 
puffer fish (Pfp246), C. elegans (Cep248), and  
yeast (ScErv25p). Residues that are conserved  
in at least three sequences are boxed. Indicated  
are the putative signal peptidase cleavage site  
(arrow), the cysteine residues that are conserved  
among the p 24  fam ily members (asterisks), and  
the p redicted transmembrane domain (TM; 
underlined).
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(78% similarity), which is much greater than the degree of identity between p24 subfamilies 
(< 30%). The sequence conservation is highest in the carboxyl-terminal half of the lumenal 
domain, the transmembrane region, and the cytoplasmic C-tail. Hence, the X1262 and RH6 
proteins are much more closely related to each other than to other p24 proteins, implying that 
they both belong to the p24S subfamily. A database search for p24S protein sequences 
revealed that the various species examined each contain one p24S sequence; the previously 
reported sequence of a second human p24S protein (Blum et al., 1996) appears to be derived 
from a pseudogene (Hörer et al., 1999). Because the RH6 protein is more related to vertebrate 
p24S proteins than the X1262 protein, we named the RH6 protein Xp24S1 (81) and the X1262 
protein Xp24S2 (S2).
EXPRESSION OF 8, AND 82 IN XENOPUS PITUITARY 
We generated a 8,-specific polyclonal antiserum (anti-RH6) against a synthetic peptide 
comprising amino acids 72-85 of 8V Immunoblot analysis of recombinant 8fl and 82 confirmed 
that this antiserum does not cross-react with the 82 protein. A similar analysis established that 
the anti-1262C antibody reacts with both Xp248 proteins with comparable affinities, whereas 
the anti-1262N antibody recognizes 82 ~10 times better than 8fl (our unpublished results). Next, 
we used the three antibodies on immunoblot analysis to characterize the p248 proteins in the 
Xenopus NIL. As was the case for radiolabeled proteins, at steady-state levels two Xenopus NIL 
proteins of 23 and 24 kDa were recognized by the anti-1262C antibody (Figure 2-3, lane 1). 
Immunoblotting with the anti-1262N antibody showed that the 24-kDa protein is 82, confirming 
the results of the transfection experiments with AtT20 cells (Figure 2-1B and Figure 2-3, lane 
3). With the anti-RH6 antibody we could establish that the 23-kDa band indeed represents the 
8fl protein (Figure 2-3, lane 2).
Figure 2-3. Specific ity o f the three Xenopus 
p24d antibodies. NIL lysates were subjected to 
S DS-PAG E and im m unoblo tted w ith the affinity- 
purified  antibodies anti-1262C  (lane 1), anti-RH6  
(lane 2), or anti-1262N  (lane 3).
The S2 gene is ubiquitously expressed, but in the NIL its expression is linked to POMC (Holthuis 
et al., 1995b), which means that the level of S2 transcripts is increased when the animal is 
adapting to a black background. We investigated whether the expression of S1 is also linked to 
that of POMC. For this purpose, we performed reverse transcription-PCR analysis on cDNAs 
synthesized from NIL- and AL mRNAs of both black- and white-adapted animals. With respect 
to S2, we could confirm the results obtained previously with RNase protection analysis (Holthuis 
et al., 1995b), namely that S2 transcripts are induced approximately fivefold in the NIL during 
adaptation to a black background, whereas transcript levels in the AL remain unchanged (Figure 
2-4). Interestingly, S1 transcripts were not increased in the NIL of black-adapted animals, which 
suggests that the expression of S1 is not coregulated with that of POMC (Figure 2-4). Similar 
results were obtained with Northern blot analysis, showing that the levels of S2 transcripts in the 
NIL increased at least four- to fivefold during adaptation of the animal to a black background, 
whereas S1 transcript levels were not significantly different (our unpublished results).
To investigate whether this differential regulation of 81- and S2 mRNA levels also occurs at the 
protein level, we performed quantitative immunoblot analysis on pituitary glands of black- and 
white-adapted animals. The expression of the S2 protein was ~25 times higher in the NIL of 
black animals than in that of white animals, whereas the level of the S1 protein was induced only 
2.5-fold. In the AL, no significant differences in the levels of either S1 or S2 were observed 
between black and white animals (Figure 2-5).
To study the distribution of the S1 and S2 proteins in Xenopus pituitary, immunocytochemical 
analysis was performed on pituitary sections of both black- and white-adapted animals. Based 
on the results obtained with Western blot analysis (Figure 2-3), we considered the anti-RH6
Figure 2-4. Semi-quantitative reverse 
transcription-PCR analysis o f Si- and  52 mRNA 
expression in Xenopus p ituitary tissues. Primers 
specific  fo r Si and  S2 were used fo r PCR on 
cDNA generated from neurointermediate- and  
anterior lobe (NIL and  A L) mRNAs from 
black(B )- and w hite(W )-adaptedXenopus. Left 
panels show  typical examples o f the results that 
were obtained. Right panels show: means (±  
SEM ) o f three independent experiments with NIL 
black adapted Xenopus as 100%.
and anti-1262N antibodies at steady state levels to be specific for S, and S2, respectively. The 
most intense staining of S, was observed in cells throughout the brain in both black and white 
toads. Within the pituitary there was a homogenous expression of S, in the intermediate lobe 
(IL) and the AL, although the degree of expression was low (Figure 2-6, A and B). Only a minor 
difference between the expression levels of the S, protein in the IL of black- and white-adapted 
animals was observed, whereas the expression of S2 was clearly much higher in the IL of black 
animals than in that of white animals (Figure 2-6, C and D). These immunocytochemical data 
confirmed the results obtained with Western blot analysis (Figure 2-5). We also observed a low 
level of expression of S2 in the AL and the brain, but only when higher concentrations of 
antibody were used, illustrating the high level of S2 expression in the IL. The homogenous 
staining of the entire IL indicates that both S, and S2 are expressed in all intermediate pituitary 
cells. Because the intermediate pituitary essentially consists of a homogenous population of a 
single cell type, namely the melanotrope cells (Jenks et al., ,977), our results clearly suggest 
that S, and S2 are expressed in the same cell.
EXPRESSION OF 8, AND S2 IN XENOPUS TISSUES 
The tissue distribution of the p24S proteins in X. laevis was studied by Western blot analysis 
with the antM 262C antibody. Both S, and S2 could be detected in pituitary, brain, liver, kidney, 
spleen, heart, and lung, but the relative expression levels of the two proteins differed among the 
various tissues (Figure 2-7). In the NIL and the AL of black-adapted Xenopus, the expression of
Figure 2-5. Western b lot analysis o f S i  a nd  S2 
protein expression in Xenopus pituitary. S im ilar 
amounts o f protein from NILs and  ALs of 
black(B)- and  w hite(W )-adapted Xenopus were 
resolved by SDS-PAGE, and im m unoblotted with  
either anti-RH6 (Si) or anti-1262N  ( S )  To 
correct for loading, actin protein levels were also 
determined. Data shown are the means (±  SEM) 
o f three independent experiments w ith N IL-B  as 
100%.
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82 is ~10 times higher than that of 8,; the AL contains a number of hormone-producing cells, 
among which are the POMC-producing corticotropes. Also in brain, 82 is the most abundant 
p248 member (~3 times more 82- than 8, expression). In all other tissues examined, 8, was the 
predominant form, with expression levels between 3 and 5 times higher than those of 82 (Figure
2-7). We conclude that, despite the fact that they are ubiquitously expressed, the expression 
levels of 8, and 82 are tissue dependent, with relatively high levels of 82 in the pituitary and the 
brain and with 8, as the major p248 protein in the non-neuroendocrine tissues.
DISCUSSION
The p24 proteins belong to a family of small type I transmembrane proteins that form the major 
constituents of COP-coated vesicles, and have a crucial role in the transport of proteins 
between the ER and the Golgi complex (Schimmöller et al., ,995 ; Stamnes et al., ,995; Elrod- 
Erickson and Kaiser, ,996; Rojo et al., ,997). Based on the degree of amino acid sequence 
identity, the members of the p24 family that have been described thus far can be classified into 
a number of subfamilies, referred to as p24a, -ß, -y, and -8 (Dominguez et al., ,998 ; Füllekrug et 
al., ,999). Two of these subfamilies, p24y and p248, have been reported to contain more than 
one subfamily member (Blum et al., ,996; Dominguez et al., ,998); in a subsequent study, 
however, the second 8 member appeared to be derived from a pseudogene (Hörer et al., ,999). 
During database searches we noticed that, in addition to p24y, the p24a subfamily also 
contains two members, whereas no additional members were found for p24ß and p248. Thus, 
until now, multiple members have been known only for the p24a- and p24y subfamilies and no 
data have been presented concerning the relative levels and sites of expression of these 
subfamily members. In this study, we report on the characterization of two p24 proteins that 
belong to the p248 subfamily (8, and 82) and that are both expressed in one cell type, namely 
the melanotrope cell of the Xenopus pituitary gland.
The Xenopus melanotrope cells are primarily devoted to the production of the prohormone 
POMC. When the background of the animal is changed from white to black, the melanotrope 
cells become highly active and the level of POMC mRNA is increased ~30-fold. Approximately 
75% of all transcripts produced in the active cells represents POMC mRNA (Holthuis et al., 
,995a). We have found that only the expression of only 82, and not that of 8,, is regulated
Figure 2-6. Immunocytochem ical analysis o f 81 
and 82 protein expression in the pituitary g land o f 
Xenopus iaevis. Paraffin sections o f p ituitaries o f 
either black-adapted or white-adapted animals 
were incubated with affinity-purified anti-RH6  
(1 :50  dilution; A, B ) or anti-1262N  antibodies 
(1 :1500  dilution; C, D). NL, neural lobe; IL, 
intermediate lobe; AL, anterior lobe. Bar =  100 
|jm.
coordinately with POMC. Activation of the melanotropes resulted in an ~5-fold increase in 82 
transcripts, whereas 81 mRNA levels remained unchanged. In addition to 82, several other 
transcripts in the melanotrope cells are coordinately expressed with POMC. Transcripts 
encoding the transmembrane proteins TRAP8 and the vacuolar H+-ATPase subunit Ac45, as 
well as transcripts encoding secretory proteins such as the prohormone convertase PC2, its 
molecular chaperone 7B2, the secretogranins II and III (Sgll and SglII), and carboxypeptidase E, 
have been found to be increased during black background adaptation (up to 35-fold; Holthuis 
et al., 1995a). All of these proteins play a role in the biosynthesis and processing of POMC in 
the melanotrope cells, and therefore are produced in higher amounts when the melanotrope 
cells are activated. Interestingly, also at the protein level we found an impressive increase ( -2 5 ­
fold) in the amount of 82 in the melanotrope cells of black-adapted toads. Thus far, upon black 
background adaptation, the steady-state levels of proteins coordinately expressed with POMC 
have been found to be increased much less than that of 82. For instance, the protein levels of 
PC2, 7B2, SgII, and aMSH (the hormone produced by POMC processing) are all similar in the 
NILs of black- and white-adapted animals (Dotman et al., 1998; Van Horssen and Martens, 
1999; Kuiper and Martens, unpublished observations). In addition, only a two-fold higher protein 
level was observed for Ac45 (Holthuis et al., 1999). These minor differences in protein levels 
upon activation of the melanotropes can be explained by the fact that these proteins are all 
located in the later stages of the secretory pathway and thus are stored in the secretory during 
granules of inactive melanotropes of white-adapted animals. Moreover, the lumenal proteins 
PC2, 7B2, SgII, and aMSH are rapidly secreted from active melanotropes. In contrast, as was 
described for p248 proteins in a number of species (Sohn et al., 1996; Nickel et al., 1997; Rojo
Figure 2-7. Western b lot analysis and  
quantification o f relative amounts o f 8, and 82 
protein expression in a num ber o f Xenopus  
tissues. Tissues were im munoblotted with the 
anti-1262C  antiserum, which recognizes both 
Xp248 proteins. Sim ilar amounts o f total protein  
were loaded in each lane. Proteins were 
visualized by chem iluminescence and quantified  
using a luminescence detector.
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et al., 1997; Dominguez et al., 1998; Blum et al., 1999), 82 is most likely located in the ER-Golgi 
region of the cell, where it is continuously recycled. The enormous increase in the level of S2 
during black background adaptation indicates that the vesicular machinery in the ER-Golgi 
region is highly induced. This notion is in line with our observation that the levels of three 
subunits of the COPI coatamer complex (a-, y-, and e-COP) also are induced at least ~5-fold 
(our unpublished results), and with previous results at the ultrastructural level that show an 
extensive elaboration of ER- and Golgi membranes in the activated Xenopus melanotrope cells 
(Hopkins, 1970; De Rijk et al., 1990). The fact that at both the mRNA and protein levels the 
degree of induction of 8, and S2 differs ~5- to 10-fold suggests that not all components of the 
ER- and Golgi membranes are increased, but only that portion of the machinery involved in the 
efficient transport of POMC.
The question arises concerning the significance of our findings with respect to a possible role 
of degree of induction of 8fl and 82 differs ~5- to 10-fold suggests that not all components of 
the ER- and Golgi membranes are increased, but only that portion of the machinery involved in 
the efficient transport of POMC the p248 proteins in the melanotrope cells. It is unlikely that 8fl 
and 82 function sequentially in the secretory pathway because in such a case one would expect 
that both would be coordinately expressed with POMC. Moreover, the sequence motifs that are 
known to influence the intracellular distribution of p24 proteins, namely, the double 
phenylalanine and the K(X)KXX-like retrieval motif (Fiedler et al., 1996; Fiedler and Rothman, 
1997; Dominguez et al., 1998), are identical in the two Xenopus proteins, suggesting that they 
have a similar subcellular localization. Studies with other species revealed that p248 is mainly 
localized to the intermediate compartment and cis-Golgi and to a lesser extent the ER (Rojo et 
al., 1997; Dominguez et al., 1998; Blum et al., 1999). The high abundance of p24 proteins in 
the early secretory pathway led to the hypothesis that they are involved in the formation and 
maintenance of the membrane structure of transport vesicles (Rojo et al., 1997), possibly 
functioning as a scaffold for the binding of coat proteins (Stamnes et al., 1995; Sohn et al., 
1996; Nickel et al., 1997; Nickel and Wieland, 1997). However, the differential regulation of 8fl 
and 82 in the melanotrope cells strongly suggests that these proteins have a role in cargo- 
selective transport rather than function as a non-specific structural membrane component. 
Several models with p24 being involved in cargo-selective transport have been proposed. First, 
p24 proteins could function in a quality control mechanism. This model was proposed by Wen 
and Greenwald (1999), who showed that in Caenorhabditis elegans p24 proteins behave as 
negative regulators of protein transport. In this model, p24 proteins act as cargo selectors, 
preventing the inclusion of misfolded and mutated proteins into newly formed transport vesicles. 
The differential regulation of 8fl and 82 in the melanotrope cell would suggest that the 82 protein 
is specifically involved in the exclusion of misfolded POMC molecules. Second, p24 proteins 
could act as cargo receptors, selectively sorting a certain subset of secretory proteins into 
COPII-coated vesicles for anterograde transport, thereby excluding other cargo proteins and 
ER-resident proteins (Schimmoller et al., 1995; Belden and Barlowe, 1996; Elrod-Erickson and 
Kaiser, 1996). In such a model, 82 would be involved in the inclusion of POMC into transport 
vesicles, explaining its coordinate expression with this prohormone, whereas 8fl would facilitate 
the transport of another subset of secretory proteins. In the third model, the p24 proteins 
function as COPI-binding receptors (Sohn et al., 1996; Nickel et al., 1997) involved in 
retrograde transport from the Golgi to the ER, as was described for human p248 (p23; Majoul 
et al., 1998). Because 8fl and 82 are differentially regulated in the melanotropes, this would 
implicate cargo-selective retrograde transport. In this model, 82 would be increased in the active 
melanotropes because, through cargo-selective, retrograde Golgi-to-ER transport, it retrieves 
protein(s) involved specifically in the early stages of POMC biosynthesis. Unfortunately, 
extensive cross-linking, co-immunoprecipitation, and in vitro binding experiments have not 
allowed us to establish a specific physical interaction between 82 and POMC or any other cargo 
molecule. Thus, at present, we can not distinguish between the various models.
Both 8fl and 82 were found to be ubiquitously expressed, and the expression of 82 is thus not 
limited to POMC-producing cells. However, 82 seems to be neuroendocrine enriched, whereas 
81 is the major p248 member in non-neuroendocrine tissues. Our data, therefore, suggest that 
8fl and 82 are functional in transport routes that coexist in most, if not all, Xenopus cell types, 
with 82 being particularly important for the transport of proteins that are predominantly 
expressed in neuroendocrine tissues and in the melanotrope cells being linked to POMC 
transport. Because the p24a, -y, and -8 subfamilies each contain at least two members and may
form different heteromeric complexes (Dominguez et al., 1998; Fullekrug et al., 1999; Marzioch 
et al., 1999), a multiplicity of p24 systems could be generated providing the possibility for 
selective transport of secretory proteins. In addition, the abundance of p24 proteins in the early 
secretory pathway, and their continuous COPI-mediated recycling from the Golgi to the ER, 
provides a mechanism for the membrane removal and subsequent concentration of anterograde 
cargo in the vesicular tubular clusters, as was reported recently (Martfnez-Menarguez et al.,
1999).
In conclusion, we have identified two members of the p24S subfamily and demonstrated that 
these forms are expressed in one cell type, the melanotrope cell of the Xenopus pituitary gland. 
Of these, only S2 is coordinately expressed with POMC suggesting a function for this p24 
protein in selective protein transport.
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ABSTRACT
Members of the p24 family of type I transmembrane proteins are highly 
abundant in transport vesicles and are thought to be involved in 
selective protein transport between the endoplasmic reticulum and the 
Golgi complex. The p24 proteins have been grouped into four 
subfamilies (a, p, y, and 5) and appear to assemble into tetrameric 
complexes that contain only one representative from each subfamily. 
Here we molecularly dissected the p24 family in a single cell type, 
namely in the intermediate pituitary melanotrope cells of the amphibian 
X e n o p u s  l a e v i s .  The biosynthetic activity of these cells for production of 
their major cargo protein proopiomelanocortin (POMC) can be 
physiologically manipulated via the process of background adaptation 
(~30-fold induction with highly active cells in black toads and virtually 
inactive cells in white animals). Extensive cDNA library screening 
revealed the identity of six p24 proteins expressed in the X e n o p u s  
melanotrope cells, namely one member of the p24a (a3), one of the p24p 
(Pi), two of the p24y (y2, Y3) and two of the p245 (51, 52) subfamily. Two 
other X e n o p u s  p24 proteins, Xp24a2 and -y1, were not expressed in the 
melanotrope cells, pointing to cell-type specific p24 expression. Of the 
six melanotrope p24 proteins, the expression of four (Xp24a3, -p1, -y3 and 
-52) was 20- to 30-fold induced in active versus inactive melanotropes, 
whereas that of the other two members (Xp24Y2 and -51) had not or only 
slightly increased. The four proteins were induced only in the 
intermediate melanotrope cells and not in the anterior pituitary cells, 
and displayed similar overall tissue distributions that differed from 
those of Xp24Y1, -y2 and -51. Together, our results reveal that p24 
expression can be cell-type specific and selectively induced, and 
suggest that in X e n o p u s  melanotrope cells an a3/p 1/Y3/5 2 p24 complex is 
involved in POMC transport through the early stages of the secretory 
pathway.
INTRODUCTION
Proteins synthesized in the endoplasmic reticulum (ER) are transported along the secretory 
pathway by coated vesicular carriers. Thus far, two types of coats, termed COPI and COPII, 
have been identified which mediate transport between the ER and the Golgi complex. Cargo 
proteins exit the ER in COPII-coated vesicles that bud from specialized regions, called ER exit 
sites (Aridor et al., 1995). After budding, COPII vesicles quickly shed their coat and fuse to form 
vesicular-tubular clusters (VTCs; Balch et al., 1994; Scales et al., 1997), also referred to as ER- 
to-Golgi intermediate compartment (ERGIC; Schweizer et al., 1990). VTCs are transported as a 
whole along microtubules to the Golgi complex where they appear to fuse and form the cis- 
Golgi network (Saraste and Svensson, 1991). Retrograde transport of components of the 
vesicle targeting/fusion machinery as well as escaped ER-resident proteins back to the ER is 
mediated by COPI-coated vesicles (Letourneur et al., 1994; Aridor et al., 1995; Scales et al.,
1997). Furthermore, the COPI coat may be involved in intra-Golgi vesicular transport (Orci et 
al., 1997; Nickel et al., 1998).
Cargo proteins can leave the ER without prior concentration (Martfnez-Menarguez et al., 1999; 
Warren and Mellman, 1999), but several studies have demonstrated that the cell has 
mechanisms for concentration of cargo in ER-derived vesicles and for accelerated transport out 
of the ER (Mizuno and Singer, 1993; Nishimura and Balch, 1997; Kuehn et al., 1998), 
suggesting a selective mechanism of cargo transport, presumably via cargo receptors. Thus far, 
three evolutionarily conserved families of integral membrane proteins have been proposed to 
facilitate ER-to-Golgi transport. Representatives of these protein families are fairly abundant and 
in the cytoplasmic tail of these proteins, binding sites for COPI and/or COPII coat subunits are 
found, which enable these proteins to cycle constantly within the early secretory pathway. The 
BAP family seems to regulate trafficking of certain membrane proteins out of the ER (Kim et al., 
1994; Terashima et al., 1994; Adachi et al., 1996). BAP31, a representative of this family, has 
been shown to bind with high specificity to the endosomal membrane protein cellubrevin and to 
control its export out of the ER (Annaert et al., 1997). ERGIC-53/p58, a mannose-specific
membrane lectin, belongs to another class of receptors involved in the transport of a number of 
glycoproteins from the ER to the ERGIC (Hauri et al., 2000a). The third group of putative cargo 
receptors is a family of structurally related 24-kDa type I transmembrane proteins, collectively 
termed p24 proteins. Based on their amino acid sequences, these proteins have been classified 
into four main subfamilies, designated p24a, -ß, -y, and -8 (Dominguez et al., 1998). Members of 
the various p24 subfamilies exhibit only a low degree of amino acid sequence identity (17-30%) 
but all p24 proteins have certain structural characteristics in common, such as a relatively large 
lumenal domain with two conserved cysteine residues forming a disulfide bridge, a C-terminally 
located transmembrane stretch and a short cytoplasmic tail with sequence motifs known to 
specify interactions with vesicle coat proteins. Experimental evidence indicates that members of 
the various subfamilies can interact and tetrameric complexes are formed containing one 
representative of each subfamily (Belden and Barlowe, 1996; Füllekrug et al., 1999; Marzioch et 
al., 1999). Consistent with this view is that in yeast mutants and knockout mice deficient in the 
expression of a single p24 member, the stability of other family members is compromised 
(Marzioch et al., 1999; Denzel et al., 2000). A function for p24 proteins in cargo transport has 
been proposed on the basis of the observation that in yeast, deletion of certain p24 members 
slows ER export of a set of secretory proteins, whereas the export rate of a number of other 
cargo proteins is normal (Schimmöller et al., 1995). More recently, it was shown that two of 
these yeast p24 members, Emp24 (yp24ß) or Erv25p (yp248), which coexist in a heteromeric 
complex, can be directly cross-linked to the lumenal cargo protein Gas1p in ER-derived 
vesicles. Efficient packaging of Gas1p was reduced when vesicles were generated from 
membranes lacking Emp24p activity (Muniz et al., 2000). Furthermore, genetic experiments in 
yeast and Caenorhabditis elegans indicated that loss of p24 protein activity affects the fidelity 
of ER sorting (Elrod-Erickson and Kaiser, 1996; Wen and Greenwald, 1999). Although in yeast 
p24 proteins are not essential for vesicular transport (Springer et al., 2000), deleting a single 
p24 member (p23) leads to early embryonic death in mice (Denzel et al., 2000).
In this study, we identified the members of the p24 family that are expressed in the intermediate 
pituitary of the South-African clawed toad Xenopus laevis. The intermediate pituitary consists of 
a homogenous population of melanotrope cells that are involved in the process of background 
adaptation of the animal. The central function of the melanotrope cells is the production of 
proopiomelanocortin (POMC) and in an active cell this prohormone constitutes over 80% of all 
newly synthesized proteins (Holthuis et al., 1995a). The processing of POMC yields a number 
of bioactive peptides of which the a-melanophore stimulating hormone (a-MSH) stimulates the 
dispersion of the black pigment melanin in skin melanophores, causing darkening of the animal 
(Jenks et al., 1977). In the melanotrope cells, the expression levels of POMC can be 
manipulated in a physiological way simply by changing the background color of the animal. On a 
black background, the POMC gene is highly active, whereas on a white background the gene is 
virtually inactive. The high levels of POMC production in black-adapted animals cause an 
enormous increase in cargo transport in the melanotrope cells, reflected by an extremely well- 
developed biosynthetic and secretory pathway, and a melanotrope cell size about twice as large 
as that in white-adapted animals (reviewed in Roubos, 1997). One would thus expect that the 
p24 proteins which have a presumed function in POMC transport are coordinately expressed 
with this prohormone. We could demonstrate that the expression of a selective set of p24 
proteins is induced in the melanotrope cells of black-adapted animals, whereas others are not or 
only slightly induced. The coordinate expression of Xp24a3, -ß,, -y3 and -82 with POMC 
suggests that these p24 proteins assemble into a tetrameric complex involved in the ER-to- 
Golgi transport of the prohormone.
EXPERIMENTAL PROCEDURES
ANIMALS
Adult South African clawed toads (Xenopus laevis) were obtained from laboratory stock and 
kept under constant illumination in water of 22°C. Animals were allowed to adapt to the 
background by placing them in either white or black tanks for at least 3 weeks.
LIBRARY SCREENING AND DNA SEQUENCING 
The nonredundant GenBank/EMBL/DDBJ database at NCBI was searched for p24 sequences 
from mouse with the BLAST program. Expressed sequence tags (ESTs) containing the entire 
ORFs of mouse p24a3, -y^ -y2, -Y3 and -y4 were identified and received from the I.M.A.G.E.
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Consortium (Zehetner and Lehrach, 1994). PCR products, constituting parts of the ORFs, were 
generated using the mouse EST clones as templates. Degenerated oligonucleotides encoding 
conserved sequences in vertebrate p24p proteins were used to amplify a 313-bp fragment of 
Xp24pi (nucleotides 286 - 599 in Xp24pi ORF) from cDNA obtained through standard reverse- 
transcriptase reactions (Sambrook et al., 1989) on RNA isolated from Xenopus brain by the 
Trizol isolation method (Life Technologies-BRL). Fragments were gel purified, labelled with [32P]- 
dATP by random primer extension (Ausubel et al., 1989), and unincorporated nucleotides were 
removed using NucTrap Probe purification columns (Stratagene, Cedar Creek, TX, USA). The 
probes were used to screen an oligo dT-primed cDNA library of neurointermediate lobes of the 
pituitary gland of black-adapted X. laevis (Kuiper et al., 2000). In addition, ZapII-cDNA libraries 
made from whole Xenopus embryos (stage 42; Michael King, Indiana University, USA) or 
embryo heads (stage 28-30; Richard Harland, University of California, Berkeley, USA) were 
used. Plaques (density 400/cm2) were replicated on duplicate nylon membrane filters by 
standard procedures (Sambrook et al., 1989). Filters were prehybridized for at least one hour at 
50°C in hybridization solution (10% dextrane sulfate, 1% SDS, 1 M NaCl, 0.1% 
sodiumpyrophosphate, 0.2% bovine serum albumin, 0.2% polyvinylpyrollidone K90, 0.2% Ficoll 
400, 50 mM Tris pH 7.5) and hybridized under conditions of low stringency (at 50°C) with a 
labelled 524-bp probe for mp24a3 (nucleotides 150-674 in accession number AA109932), a 
313-bp probe for Xp24p1 (nucleotides 286 - 599 in Xp24p1 ORF), a 537-bp probe for mp24y, 
(nucleotides 107-644 in accession number W 08294), a 462-bp probe for mp24y2 (nucleotides 
248-710 in accession number W58982), a 301-bp probe for mp24y3 (nucleotides 5-306 in 
accession number AA020489), and a 453-bp probe for mp24y4 (nucleotides 274-727 in 
accession number AA060892). Filters were washed twice for 40 min at 50°C in 2xSSPE/0.1% 
SDS (where 1xSSPE is 0.15 M NaCl, 10 mM sodium phosphate, 1 mM EDTA; pH 7.4) and 
exposed to X-ray films between two intensifying screens at -70°C. Positive plaques were 
purified, in vivo excised and analyzed by DNA sequencing, using the ABI-PRISM DNA 
sequencing kit and the ABI-PRISM automatic sequencer (Perkin Elmer-Cetus Applied 
Biosystems, Foster City, CA). The cDNA libraries were screened under high-stringency 
hybridization conditions with the 3'-untranslated sequences of isolated cDNA clones encoding 
the various Xenopus p24 proteins. These sequences were amplified in a PCR reaction yielding 
for Xp24a3 a 0.43-kb fragment, for Xp24p1 ~1.8 kb, for Xp24y2 ~0.6 kb and for Xp24y3 ~1.7 
kb. The high-stringency hybridizations were performed at 63°C and filters were washed to a 
final stringency of 0.1 xSSPE/0.1% SDS at 63°C. Standard procedures, such as PCR and 
single clone in vivo excision of l-phage, were performed according to Ausubel et al. (1989).
RNA ISOLATION AND NORTHERN BLOT ANALYSIS 
Total RNA was isolated with RNAgents isolation system according to the instructions of the 
manufacturer (Promega, Madison, WI, USA) and quantified by spectrophotometry. Aliquots of 5 
|jg per lane were separated by electrophoresis on 2.2 M formaldehyde-containing 1.2% 
agarose gels in MOPS buffer (Sambrook et al., 1989) and blotted onto nylon membranes using 
downward capillary transfer. Hybridizations were performed for 18 hours at 42°C in ULTRAhyb 
hybridization solution (Ambion, Austin, TX, USA) with probes comprising the entire ORFs of 
Xp24a3, -y,, -y2, and -y3, a 364-bp fragment of Xp24p1 (nucleotides +77 to +364) or a 230-bp 
of XGAPDH (nucleotides +266 to +496), as a control for RNA loading and integrity. Blots were 
washed at 60°C to a final stringency of 0.1 xSSPE/0.1% SDS (twice for 30 min) and exposures 
were taken using a PhosphorImager (BioRad Personal FX).
ANTIBODIES
For antibody production, a region in the lumen of Xp24a3 (residues 31-128) was cloned into 
the expression vector pQE30 (Qiagen, Chatsworth, CA, USA), the recombinant protein was 
produced in E. coli and purified by Ni2+-NTA agarose affinity chromatography. The lumenal 
domains of Xp24y1 (residues 18-194) and Xp24y2 (residues 32-191) were cloned as GST 
fusion proteins into the bacterial expression vector pGEX-2T (Pharmacia Biotech Benelux, NL). 
The expressed GST fusions were largely insoluble. Therefore, the aggregated fusion proteins 
were isolated as inclusion bodies from E. coli (Nagai and Thogersen, 1987). A synthetic 
peptide against the cytoplasmic tail sequence of Xp24y3 (C-FSDKRTTTTRVGS) was coupled 
to keyhole limpet hemocyanin (Pierce, Rockford, IL, USA). All antigens described were injected 
into rabbits and the immunization was done as described (Kuiper et al., 2000). Polyclonal
antibodies against amino acid sequences in the lumenal part of Xp24S1 (C-FDSKLPAGAGRVP; 
anti-81) and -S2 (residues 72-150; anti-S2), as well as the C-terminally directed p248 antibody 
(anti-SC) have been described previously (Kuiper et al., 2000). The p24p1 and -y3 peptide 
antibodies (anti-p1L and anti-y3) recognize orthologs in human and Xenopus, and were kindly 
provided by Dr. T. Nilsson (EMBL, Heidelberg, Germany; Dominguez et al., 1998). Affinity 
purifications of antisera using antigen-sepharose 4B columns were performed according to 
standard protocols (Harlow and Lane, 1988).
IMMUNOLOGICAL CHARACTERIZATION 
Extraction of proteins from different tissues of X. laevis, SDS-PAGE gel electrophoresis, 
Western blotting, antibody detection and immunocytochemistry were performed as described 
(Kuiper et al., 2000).
RESULTS
CLONING OF cDNAs ENCODING THE p24 PROTEINS IN THE XENOPUS INTERMEDIATE PITUITARY 
The melanotrope cells in the intermediate pituitary of the amphibian Xenopus laevis are primarily 
dedicated to the production of POMC and the expression levels of this prohomone can be 
readily manipulated by changing the background color of the animal. On a black background, 
the POMC gene is actively transcribed and the prohormone represents ~80% of all newly 
synthesized proteins, whereas on a white background the gene is nearly inactive. Therefore, the 
Xenopus melanotrope cell is an attractive model system to study the role of p24 proteins in 
POMC transport. The degree of amino acid sequence identity between vertebrate p24 
orthologs is usually above 68%, allowing us to search for Xenopus p24 proteins expressed in 
the melanotrope cells by low-stringency hybridization of a neurointermediate pituitary (NIL) 
cDNA library of black-adapted toads with [32P]-labeled mouse p24 cDNA fragments. We 
identified the Xenopus members of the four p24 subfamilies p24a, -p, -y, and -S.
The p24a subfamily
Within the p24a subfamily two branches of p24 proteins can be distinguished, namely the a 1- 
branch and the a2/a 3-branch (Dominguez et al., 1998; Figure 3-1). Thus far, the only isolated 
representative of the a 1-branch is from dog pancreatic microsomes (Wada et al., 1991). Two 
closely related representatives of the a2/a 3-branch are expressed in mouse, with mouse p24a2 
(mp24a2; GMP25/mp25) being 80.8% identical to mp24a3 (GMP25iso; Dominguez et al.,
1998). In our screening for p24a subfamily members, we used a 524-bp fragment of a mouse 
EST p24a3 clone as a probe, yielding 12 hybridization-positive plaques from 2x105 plaques of 
the Xenopus NIL cDNA library screened. Nucleotide sequence analysis revealed that the 
positive clones all contained overlapping cDNAs. The insert size of two full-length clones was 
approximately 1.2 kb with a 687-bp open reading frame (ORF). Since the deduced Xenopus 
p24a protein (excluding the signal peptide region) was more closely related to mp24a3 (92,4% 
identity) than to mp24a2 (81,3% identity), the protein was named Xp24a3 (Figure 3-1). The low 
degree of amino acid sequence conservation between the a 1- and the a2/a 3-branch (identity 
<60%) does not allow the isolation of a p24a1-related protein, using mouse Xenopus p24a3 
cDNA as a probe. However, the degree of homology within the a2/a 3-branch (identity >80%) 
should be high enough for the identification of a p24a2 ortholog in Xenopus. We therefore 
performed a low-stringency hybridization using the coding region of Xp24a3 cDNA as a probe. 
From a total number of 4.2x105 plaques, 51 hybridization-positive plaques were obtained. All 
clones positive in this screening were also recognized by the 0.43-kb 3'-untranslated region of 
Xp24a3 cDNA on a duplicate filter under stringent hybridization conditions, indicating that only 
p24a3, and not p24a2, is expressed in the Xenopus intermediate pituitary. Nevertheless, p24a2 
does exist in X. laevis, because recently performed database searches revealed two Xenopus 
EST clones isolated from embryo and liver cDNA libraries, of which the deduced amino acid 
sequences were more similar to mp24a2 than to mp24a3 (Figure 3-1).
The p24p subfamily
Only one member of the p24p subfamily exists in higher vertebrates and its high degree of 
sequence conservation enabled us to amplify a 313-bp fragment of Xp24p1 in a PCR reaction 
using Xenopus brain-derived cDNA and degenerate primers corresponding to two conserved 
domains in vertebrate p24p1 proteins. This fragment was used to screen the Xenopus NIL
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cDNA library, and two full-length clones of Xp24p1 with an insert size of 2.4 kb were isolated. A 
comparison of the deduced primary sequence of Xp24p1 with mouse p24p1 revealed that, when 
the signal peptide sequence is excluded, the two proteins share a sequence identity of 99.4% 
(Figure 3-1). To assess if other representatives of the p24p subfamily exist and are expressed in 
the library, duplicate filters were prepared, of which one filter was hybridized under low- 
stringency conditions with a probe comprising the entire ORF of Xp24p1, whereas the second 
filter was hybridized under high stringency conditions with a probe directed against the ~1.8-kb
Figure 3-1. Xenopus p 24  proteins and  their 
relationship with p24  proteins from other species. 
A. A lignm ent o f members o f the p 24  protein  
fam ily in X. laevis. A ligned  are the amino acid  
sequences deduced from cDNA clones, the EST  
database entry B F611875  (representing 
X p 2 4 a J  and  the two p 24 8  subfam ily members 
iden tified  previously (Kuiper et al., 2000). The 
cDNAs o f the Xenopus p 24  proteins have been 
iso la ted from a neurointermediate p itu itary cDNA  
library, except fo r those o f X p 2 4 a  and  y  
(isolated from an embryo library). Am ino acids 
that are conserved in at least five sequences are 
in black boxes. The putative s igna l peptidase  
cleavage sites o f the N-term inal signal 
sequences (incomplete for X p 2 4 a J  are indicated  
by an arrow. Asterisks indicate the two  
conserved cysteine residues present in the 
lumenal domains o f a ll p 24  proteins. The 
pred ic ted  transmembrane region (TM) is 
underlined. B. Am ino acid  sequence identity (% ) 
between p 24  proteins o f mouse and  X. ¡aevis. C. 
Phylogenetic tree o f the p 24  proteins from  
mouse (m), Xenopus (X), Drosophila  
melanogaster (d), Caenorhabditis elegans (c) 
and p24a1 from dog, and the classification in the 
four proposed p24  subfamilies. For sequence  
comparisons and  phylogenetic tree construction, 
the p 24  proteins w ithout their signal sequences 
were aligned by the C lusteral W  algorithm using 
default parameters (A lignXprogram  in Vector NTI 
Suite 6; InforMax, North Bethesda, MD, USA). 
Sequences are m ostly compilations o f several 
data base entries and accession numbers are 
available upon request.
3'-untranslated sequence of Xp24pv All 345 hybridization-positive plaques from 6.7x105 
plaques screened were recognized by both probes, indicating that Xenopus melanotrope cells 
express only one member of the p24P subfamily.
The p24y subfamily
The p24y subfamily is more diverse than the other p24 subfamilies, and database searches 
revealed four members in mouse. An evolutionary tree showed that two groups of p24y proteins 
can be distinguished, one represented by p24y1 and -y2, and the other one by p24y3 and -y4 
(Figure 3-1C). Low-stringency hybridization of the Xenopus NIL cDNA library (3.4x105 plaques) 
with a 462-bp mouse p24y2 fragment allowed the identification of 9 hybridization-positive cDNA 
clones, which carried an insert that coded for a p24y2 ortholog in X. laevis. The deduced protein 
sequence of Xp24y2 displays 72.4% identity with mouse p24y2 and 52.9% with mouse p24y1 
(excluding signal peptides; Figure 3-1). Out of 7.3x105 NIL cDNA plaques screened under 
stringent conditions, 30 plaques were recognized by a ~0.6-kb probe corresponding to the 3'- 
untranslated region of Xp24y2. A subsequent low-stringency screening of the same library filters 
with the coding sequence of Xp24y2 yielded no additional hybridizing plaques. Thus, under the 
conditions used, no cross hybridization with other Xp24y sequences was found.
A low-stringency hybridization of the NIL cDNA library detected no positive clones when a 
mouse p24y1 fragment was used. However, screening of two Xenopus embryo cDNA libraries 
with the mouse p24y1 probe resulted in the identification of several overlapping cDNA clones, 
encoding the Xp24y1 protein (Figure 3-1). Therefore, Xp24y1 does not appear to be expressed 
in the Xenopus intermediate pituitary, but is expressed in other Xenopus tissues. In its mature 
form (without signal peptide), the Xp24y1 protein shares an overall sequence identity of 68.5% 
with mouse p24y1, 56.4% with mouse p24y2 and 56.2% with Xp24y2. Moreover, nucleotide 
sequence analysis revealed that 2 out of the 17 Xp24y1 clones isolated from the embryo head 
library showed an insertion of 30 nucleotides at position +442 in Xp24y1 cDNA. Consequently, 
the protein encoded by the two cDNAs contained an in-frame insertion of 10 amino acid 
residues following amino acid 148, with the amino acid sequence VRFCPLTFEE (single-letter 
code). This finding suggests that in a low incident of cases the transcripts of Xp24y1 are subject 
to alternative splicing, giving rise to two structurally distinct Xp24y1 proteins that differ in size by 
~1.1 kDa. The in-frame insertion was not found in other known p24y1 proteins and alternative
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splicing has so far not been described for other p24 proteins. In conclusion, since under 
identical hybridization conditions Xp24y1 could be isolated from an embryo cDNA library but not 
from a NIL cDNA library, only Xp24y2 but not -y1 is expressed in the melanotrope cells of the 
Xenopus intermediate pituitary.
For the isolation of Xenopus orthologs of p24y3 and p24y4, the NIL cDNA library was screened 
with a 453-bp fragment derived from a mouse p24y4 cDNA. Out of the 4x105 plaques 
screened, 25 were positive on a duplicate set of filters. Nucleotide sequence analysis of 10 of 
these clones revealed a single ORF and the corresponding amino acid sequence (without 
signal peptide) was 93.2% identical to mp24y3 and 69.1% to mp24y4. Thus, the cDNA clones 
isolated with the mp24y4 probe encode a Xenopus ortholog of p24y3 (Figure 3-1). The NIL 
cDNA library was rescreened and 175 hybridization-positive plaques were observed when the 
filters were first hybridized with a 3'-untranslated probe of Xp24y3 under stringent hybridization 
conditions (6x105 plaques screened). A subsequent low-stringency hybridization with the 
coding sequence of Xp24y3 revealed no differences in the hybridization pattern, suggesting that 
only Xp24y3 and not Xp24y4 is expressed in Xenopus melanotrope cells. Besides the NIL cDNA 
library we also screened the whole-embryo cDNA library with a 306-bp mp24y3 probe under 
conditions of low-stringency. This led to the identification of 66 positive plaques (4x105 plaques 
screened), which also remained positive after a more stringent wash (0.1 xSSC/0.1% SDS; 
50°C). Together with the fact that from 20 of these clones a specific Xp24y3 fragment was 
amplified in a PCR reaction, the hybridization-positive clones most likely contain an Xp24y3 
cDNA insert. From these experiments we conclude that a p24y4 ortholog is not expressed in the 
Xenopus intermediate pituitary and embryos.
The p24S subfamily
In Xenopus, the p24S subfamily has already been characterized in our laboratory, leading to the 
identification of two p24S proteins, Xp24S1 and -S2, expressed in the melanotrope cells (Kuiper 
et al., 2000). Up to then, only one representative of the p24S subfamily had been described in 
vertebrates, with mouse p24S being more related to Xp24S1 than to Xp24S2 (amino acid 
sequence identities of 82.2% and 70%, respectively).
ANALYSIS OF p24 SEQUENCES 
A multiple amino acid sequence alignment of all known Xenopus p24 proteins revealed a low 
degree of overall amino acid sequence identity between the members of the different 
subfamilies (Figure 3-1A). However, the topology common to all p24 proteins is also preserved 
in the Xenopus proteins (an N-terminal signal sequence, a large lumenal domain followed by a 
transmembrane stretch, and a cytoplasmically exposed C-terminal region of 10-16 residues), as 
are conserved amino acid residues such as the two cysteine residues that form a disulfide 
bridge in the N-terminal region, a glutamine residue within the transmembrane domain and a 
phenylalanine residue which constitutes part of a COPII-binding motif (Dominguez et al., 1998). 
Furthermore, heptad repeats of aliphatic amino acids are found in the membrane proximal parts 
of the lumenal domains of Xp24a2, -a3, -p1, -y1, -S1 and -S2 (but not in Xp24y2 and -y3) that have 
a medium to high propensity to form coiled-coil structures (>0.4 by coils algorithm (version 2.2); 
Lupas, 1996). Coiled-coil interactions between members of different p24 subfamilies are 
involved in the formation of hetero-oligomeric complexes (Ciufo and Boyd, 2000). The 
alternatively spliced form of Xp24y1 has in this particular region an insertion of ten amino acids 
(following residue +148), which reduces its propensity to form coiled-coil structures. The 
cytoplasmic tail sequences are highly conserved between the two Xenopus p24a subfamily 
members, as they are in the p24S subfamily and the p24y1/y2 subgroup. A classical ER 
retrieval/COPI-binding motif in the C-terminal region (K(X)KXX) is present only in the Xenopus 
p24a proteins, whereas members of the other subfamilies show variations of this motif. Binding 
studies with the cytoplasmic domains of human p24 proteins have revealed efficient COPI 
binding for hp24a2 and also for hp24S1 (despite of an imperfect COPI-binding motif), while all 
human p24 proteins analyzed (a2, p1, y3, y4, 81) have been found to interact with COPII 
(Dominguez et al., 1998). Since the critical amino acid residues in the cytoplasmic tails are 
conserved between the human and Xenopus p24 proteins, similar binding properties are to be 
expected for the Xenopus p24 proteins.
During evolution, the genome of Xenopus laevis underwent a genome duplication event, 
causing this species to be tetraploid (Graf and Kobel, 1991). As a consequence, two highly
Figure 3-2. p24  prote in expression in Xenopus 
pituitary. The neurointermediate lobe (N IL) was 
manually dissected from the anterior lobe (AL) o f 
the p ituitary o f black- or white-adapted Xenopus. 
20  j g  o f NIL and AL extracts were resolved  
together w ith tissue extracts from brain and  
hypothalamus (~ 6 0 ¡ jg  each) by SDS-PAGE. For 
immunoblotting, antisera d irected against 
sequences in the lumenal domains o f the 
respective p24  proteins or the anti-SC antiserum  
recognizing Xp24S1 and  -S2 were used. The 
asterisk indicates an AL prote in band presumably 
resulting from cross-reactivity o f the anti-Xp24y, 
antiserum with an abundant 23 kDa protein  
(likely grow th hormone/prolactin).
conserved genes (paralogs) are usually found. This was also the case for every novel p24 
protein isolated in this study. The nucleotide sequence identities over the entire ORFs were 
found to be in the order of 94 to 95.5%, and the nucleotide substitutions were either neutral or 
led to conservative amino acid substitutions in the deduced primary sequences of the 
respective p24 proteins. For clarity, the primary sequence of only one paralog is shown in 
Figure 3-1.
In summary, the melanotrope cells in the intermediate pituitary of Xenopus express one member 
of the p24a (a3), one of the p24P (P1), two of the p24y (y2, Y3) and two of the p24S (S1, S2) 
subfamily. Two members, Xp24a2 and -y1, show a tissue-specific distribution in that they were 
expressed in Xenopus embryos but not in the intermediate pituitary.
EXPRESSION OF THE VARIOUS XENOPUS p24 PROTEINS IN THE PITUITARY GLAND 
To study the expression of the various Xenopus p24 proteins, polyclonal antisera directed 
against sequences in the lumenal domains of these p24 proteins were generated. Western blot 
analysis revealed that the various antisera recognize specifically the corresponding Xp24 
proteins of the melanotrope cells (Kuiper et al., 2000; data not shown), except for the anti-SC 
antiserum, which recognizes both Xp24S proteins (S1 and S2). To study the expression of the 
p24 proteins in the pituitary, lobes from black- and white-adapted Xenopus were manually 
dissected into the NIL and the anterior lobe (AL). Together with tissue extracts from brain and 
hypothalamus, NIL and AL lysates were separated with SDS-PAGE and analyzed by 
immunoblotting (three times more protein was loaded for brain and hypothalamus). In NIL 
lysates of black-adapted animals, the antibodies directed against epitopes in the lumenal 
domains of Xp24a3, -P1, -y2, -y3, -S1, and -S2 recognized proteins with a molecular mass of ~25, 
21, 24, 25.5, 19, and 21 kDa, respectively (Figure 3-2, data not shown for anti-S1 and anti-S2). 
With an antibody against Xp24y1 (residues 18-194), a 22-kDa protein was identified in tissue 
lysates from brain and hypothalamus, while no protein was detected in the NIL (Figure 3-2), in 
line with the finding that a p24y, cDNA could be isolated only from a Xenopus embryo but not 
from a NIL cDNA library. At present it is not clear if the 23-kDa product in the anterior lobe of 
the pituitary detected with the anti-y, L antiserum corresponds to the alternatively spliced form of 
Xp24y1, or is due to nonspecific binding to the similarly sized and highly expressed anterior 
pituitary hormones prolactin/growth hormone (judged by staining of the Western blot with 
Ponceau S). Interestingly, immunoblot analysis of cellular extracts showed that the protein levels 
of Xp24a3, -Pfl, -y3, and -S2 were highly upregulated in NILs of black-adapted Xenopus when 
compared to that in white-adapted animals (~20-30 fold). In contrast, the level of Xp24§1 
expression was only slightly induced (~3 fold) in NIL lysates of black-adapted animals, and no 
change was observed for Xp24y2 (Figure 3-2). As previously demonstrated for POMC (Holthuis 
et al., 1995a), the physiologically induced changes in the expression levels of Xp24a3, -p1, -y3, 
and -S2 were strictly confined to the melanotrope cells of the NIL and did not occur in cells from
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Figure 3-3. Immunocytochem ical analysis 
visualizing the expression o f p24  proteins in the 
pituitary g land  o f Xenopus laevis adapted to a 
black or white background. Shown are sagital 
sections stained w ith the peroxidase-anti- 
oeroxidase method for X p24a3 (affinity-purified  
anti-a3i ,  1 :300 dilution), Xp24fa (anti-faL, 1:200  
dilution), Xp24yi (anti-yL, 1 :600 dilution),
Xp24y2 (affinity-purified anti-yL, 1 :40 dilution), 
Xp24y3L (a n ti-y L  1:200  dilution), Xp24S1 
(affinity-purified anti-S1, 1 :50 dilution), and  
Xp24§2 (anti-82, 1 :1500  dilution). NL, neural 
lobe; IL, intermediate lobe; AL, anterior lobe. Bar 
200 pm.
the AL of the pituitary (Figure 3-2). Semiquantitative reverse transcription (RT)-PCR revealed a
3-5 fold increase in the levels of Xp24a3, -fa1, -y3, and -82 mRNA in the melanotropes of black- 
adapted animals while the levels of Xp2481 and -y2 mRNA were similar (data not shown).
Next, we tried to confirm our results using immunocytochemistry. The p24 proteins Xp24a3, -fa1, 
-y3, and -82, shown by Western blot analysis to be differentially regulated in the NIL, displayed 
intense staining in the melanotrope cells of the intermediate pituitary of a black-adapted animal, 
whereas their expression in a white-adapted animal was indeed low (Figure 3-3). Conversely, for 
Xp24y2 and -81 a low degree of expression was observed in the melanotrope cells, independent 
of background adaptation. The differential regulation of the various p24 proteins was again 
confined to the melanotrope cells, because no differences in the expression patterns were 
observed in the anterior lobes of black- and white-adapted animals. Furthermore, the 
homogenous distribution of the p24 proteins throughout the intermediate lobe suggests that
they are expressed in all melanotrope cells. Antisera directed against Xp24y, showed no 
immunoreactive staining in the melanotrope cells while in the anterior pituitary some 
immunoreactive material was detected, again likely due to nonspecific cross-reactivity as was 
observed during Western blot analysis. In conclusion, we find that during background 
adaptation only a subset of the p24 proteins (Xp24a3, -p,, -y3, and -82) expressed in the 
melanotrope cells of the intermediate pituitary is coordinately expressed with the prohormone 
POMC.
Figure 3-4. p24 expression in Xenopus tissues. 
A. Nothern b lot analysis o f Xenopus p2 4 a 3, - f iu 
and -73 mRNAs. Equal amounts o f RNA were 
loaded and Xenopus G APDH was used as a 
contro l fo r RNA loading and integrity. The 
positions o f the 18S and  28 S  Xenopus  
ribosom al RNAs are indicated by arrows. B. 
W estern b lot analysis o f the Xenopus p24  
proteins using antibodies against lumenal 
epitopes o f the respective p24  proteins.
p24 EXPRESSION IN XENOPUS TISSUES 
The distributions of the various Xp24 proteins in tissues other than the pituitary was studied at 
the level of RNA (Northern blot analysis) and at the protein level (Western blotting). For 
Northern blot analysis, total RNA was isolated from a number of Xenopus tissues and hybridized 
with [32P]-labelled probes covering the entire ORF of Xp24a3, -y,, -y2, -y3 or with a 364-bp 
fragment of Xp24fa1 (nucleotides +77 to +364). The applied method was not sensitive enough 
for the detection of Xp24y, and -y2 transcripts, whereas more than one transcript was found for 
Xp24a3, -fa, and -y3 (Figure 3-4A). Xp24a3, -p, and -y3 mRNAs were found to be expressed in 
brain, liver, kidney, spleen, heart and lung, as was previously found for Xp2481 and -82 mRNAs 
(Holthuis et al., 1995b; our unpublished results). Due to the tetraploid nature of the Xenopus 
genome, a pair of closely related genes (paralogs) is expressed that often gives rise to 
transcripts with different sizes. Xp24a3 is represented by two transcripts of about 1.2 and 2.5 
kb, ubiquitously expressed in all tissues examined. The size of the 1.2-kb transcript corresponds 
to the insert sizes of two full-length cDNA clones encoding paralog A of Xp24a3. The transcript 
length expected for paralog B of Xp24a3 is not known and may be represented by the 2.5-kb 
transcript. With an Xp24fa1 probe, a predominant mRNA transcript of 2.5 kb and a weak one of 
1.2 kb were detected. The Xp24fa,-encoding cDNAs for the two paralog genes were derived 
from a 2.5-kb transcript and thus the 1.2-kb transcript may arise from alternative splicing of 
nuclear RNA or from the utilization of an alternative polyadenylation signal. Three transcripts 
(2.3, 2.5 and >4 kb) with similar intensities were observed for Xp24y3 mRNAs. Since the sizes 
of two transcripts (2.3 and 2.5 kb) correspond to full-length Xp24y3 cDNA clones, the presence 
of the >4-kb transcript indicates that Xp24y3 gene expression may also include alternative 
splicing and/or alternative usage of polyadenylation signals.
The ubiquitous tissue expression of Xp24 proteins observed at the mRNA level was also seen 
at the protein level (Figure 3-4B). With the anti-a3L antibody, expression of Xp24a3 was found 
to be high in ovarium and liver, intermediate in hypothalamus, brain, kidney and spleen, and low 
in heart and lung. This antibody recognized a second protein band in liver and lung that was 
slightly larger in size and represents the only protein detected in heart tissue. The two protein 
bands (~25 and ~26 kDa) may reflect different glycosylation states of Xp24a3, which is N- 
linked glycosylated at a single site (our unpublished observation). Tissue-dependent variations 
in the glycosylation state have also been described for hp24a2 (Fullekrug et al., 1999). 
Alternatively, the anti-a3L antibody may recognize with low affinity the highly related Xp24a2 
protein, which at least in liver is known to be expressed. The overall tissue distributions of 
Xp24fa1, -y3, and -82 were similar to that obtained for Xp24a3 and the four proteins are
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predominantly expressed in liver and ovarium. Except for the intermediate pituitary, the Xp24y1 
protein was expressed in all tissues examined (Figure 3-4). When compared to the levels 
obtained for Xp24a3, -fa1, -y3 and -82, the relatively low levels of Xp24y1 expression in ovarium 
and liver are remarkable. The tissue distribution of Xp24y1 is similar to those of Xp24y2 and -81 
(the two proteins that are not differentially regulated in the intermediate pituitary), although both 
Xp24y2 and -81 show higher levels of protein expression in ovarium. Taken together, these 
experiments indicate that the members of the p24 family are widely expressed but they may 
display a cell-type specific expression, as was found for Xp24a2 and -y1 in the melanotrope cells 
of the intermediate pituitary.
DISCUSSION
We set out to examine the expression profiles of members of the p24 family in a single cell type, 
namely in the intermediate pituitary melanotrope cell of X. laevis. The primary function of this 
neuroendocrine transducer cell is the production of POMC and the release of POMC-derived 
melanophore-stimulating peptides during adaptation of the animal to a black background 
(Holthuis et al., 1995a). The melanotrope cells are highly active in black-adapted Xenopus and 
produce ~30-fold higher POMC mRNA levels than the biosynthetically virtually inactive 
melanotrope cells of white-adapted animals. A set of genes has been isolated whose transcripts 
are coordinately expressed with POMC (differential induction is >10-fold; Holthuis et al.,
1995a), including POMC processing enzymes and members of the so-called granin family 
(reviewed in Kuiper and Martens, 2000). Other gene products identified reflect the dynamic 
changes in the secretory apparatus observed between active and inactive melanotrope cells. 
Included in this category are the molecular chaperone BiP and TRAP8 (translocon-associated 
protein subunit 8) as components of the ER translocation machinery, and the cysteine protease 
ER60 and the chaperone calreticulin as part of the quality control system in the ER. Another 
differentially expressed gene product was Xp2482 (X1262), a member of the p24 family of 
putative cargo receptors (Holthuis et al., 1995a; our unpublished observations). Multiple 
members of the p24 family have been found in eukaryotes (eight in yeast, five in C. elegans, 
seven in Drosophila melanogaster, and nine in human and mouse; Figure 3-1C), which 
prompted us to search for Xenopus p24 proteins other than Xp2482 and to study their 
expression in the melanotrope cells. Our extensive Xenopus intermediate pituitary cDNA library 
screening led to the identification of six p24 proteins, namely one member of the p24a (a3), one 
of the p24fa (P1), two of the p24y (y2, y3) and two of the p248 (81, 82) subfamily. Two other 
identified Xenopus p24 proteins, Xp24a2 and -y1, were expressed in embryos, but not in the 
melanotrope cells. A phylogenetic tree constructed from the identified Xenopus p24 proteins 
and from the p24 proteins of mouse, D. melanogaster and C. elegans revealed that each of 
these species has at least one representative in each subfamily (Figure 3-1C). Members of the 
p24a subfamily have evolved into two separate branches (a1 and a2/3). The only representative 
of the a 1-branch is gp25L (dog p24a1), but recent database searches indicate that orthologs of 
dog p24a1 may also exist in mouse and human. Invertebrates seem to have only one 
representative of the p24a subfamily that belongs to the a2/3-branch. Two closely related but 
distinct p24 proteins of the a2/3-branch were identified in human and mouse, and two 
representatives were also found in Xenopus (Xp24a2 and -a3). Vertebrate proteins of the a2/3- 
branch may have a cell-type specific expression pattern, since in Xenopus only Xp24a3 but not - 
a2 was found to be expressed in the melanotrope cells. Thus far, only one representative of the 
p24fa subfamily has been described, but database searches revealed that two p24|3 subfamily 
members exist in D. melanogaster. A single member was found to be expressed in Xenopus 
melanotrope cells. The primary sequences of human and mouse p24|31 (excluding the signal 
peptide) are identical, and mouse p24|31 and Xp24|31 share 99.4% identity. Such an 
exceptionally high sequence conservation was not found between the vertebrate orthologs of 
the other p24 subfamilies and thus may point to an evolutionarily conserved function for the 
p24fa protein. The phylogenetic tree shows that members of the p24y subfamily of C. elegans,
D. melanogaster, mouse and human can be assigned to two distinct subgroups: the y1/y2- 
subgroup and the y3/y4-subgroup (Figure 3-1C). Since in vertebrates the two subgroups are 
only distantly related (amino acid sequence similarity <50%  and identity <35%), perhaps a 
reclassification of these subgroups into separate subfamilies should be considered. The 
resulting classification into five subfamilies would imply that C. elegans has a single 
representative in each subfamily, whereas higher-developed organisms have mostly more than
one. In mouse and human, the p24y subfamily has four members, two of the p24y1/y2-subgroup 
(y, and y2) and two of the p24y3/y4-subgroup (y3 and y4). We found that in the Xenopus 
melanotrope cells one member of the p24y1/y2-subgroup (Xp24y2) and one member of the 
p24y3/y4-subgroup (Xp24y3) is expressed. A second member of the Xenopus p24y1/y2- 
subgroup (Xp24y,) was found in an embryo cDNA library, while screening for a p24y4 member 
of the p24y3/y4-subgroup remained negative, despite of the fact that the probe used (mouse 
p24y4) cross-hybridized even with the Xp24y3 sequence. Therefore, a Xenopus p24y4 ortholog 
appears not to be present in the melanotrope cells and in embryos. The restricted expression of 
Xp24y,, namely in embryos but not in the melanotrope cells, was confirmed by immunoblotting. 
A cell-type specific expression pattern has also been described for the p24y1 orthologs in 
human and mouse (T1/ST2 receptor; Gayle et al., 1996). Thus far, with the exception of 
Xenopus, only one representative of the p24S subfamily has been reported in species of the 
animal kingdom. The two Xenopus p24S subfamily members, Xp2481 and Xp24S2, are both 
expressed in the melanotrope cells, although only Xp24S2 but not Xp2481 is coexpressed with 
POMC in these cells (Kuiper et al., 2000). Taken together, these findings show that the 
complexity of the p24 family is species dependent with certain organisms having multiple 
members in distinct subfamilies whereas others have only one representative.
In the physiologically manipulated Xenopus melanotrope cells, we could demonstrate that 
during black background adaptation the protein levels of Xp24a3, -|3,, -y3, and -S2 were 
increased 20 to 30 times, whereas the expression of the Xp24y2 and -8, proteins remained 
unchanged or was increased only ~3 times, respectively. In yeast and mammals, p24 proteins 
form tetrameric complexes with a defined complex composition, in which one member from 
each subfamily is present (Fullekrug et al., 1999; Marzioch et al., 1999). Furthermore, the 
steady-state protein level and the intracellular localization of a p24 protein is dependent on the 
presence or absence of other p24 members that participate in the oligomeric complex 
(Fullekrug et al., 1999; Marzioch et al., 1999; Denzel et al., 2000; Emery et al., 2000). Since 
Xp24a3, -p1, -y3, and -82 show similar dynamics in protein expression in the melanotrope cells 
and also in other tissues, they may well form a tetrameric p24 complex, whereas Xp24y2 and -81, 
which are not differentially regulated in the melanotrope cells, could be constituents of other 
p24 complexes. Interestingly, the apparent composition of the main tetrameric melanotrope p24 
complex (Xp24a3, -p1, -y3, and -82) is different from the one previously identified in HeLa cells, 
where a p24a2/p 1/y3/81 p24 complex exists (GMP25/p24/gp27/p23; Fullekrug et al., 1999). 
Variations in p24 complex formation are likely to occur, e.g. because of the observed cell-type 
specific expression of the various Xenopus p24 proteins. Furthermore, in yeast an Erp1p 
(yp24a)/Erp2p (yp24y)/Emp24p (yp24P)/Erv25p (yp248) complex is present, in which Erp1p 
can be substituted by another p24a subfamily member (Erp5p and/or Erp6p) if Erp1p is not 
expressed (Marzioch et al., 1999). Also, hp24y4 has been found to be excluded from the HeLa 
cell a2/p 1/y3/81 p24 complex (Fullekrug et al., 1999), while mp24y4 may well participate in a p24 
complex (Denzel et al., 2000). Therefore, the composition of a tetrameric p24 complex appears 
to be cell-type specific.
The exact role of the p24 proteins is still elusive, but p24 proteins have been implicated in a 
number of functions which are all linked to vesicular and protein transport, such as regulation of 
cargo inclusion in ER vesicles (Schimmoller et al., 1995; Muniz et al., 2000), quality control 
mechanisms in the ER (Belden and Barlowe, 1996; Wen and Greenwald, 1999), recruitment 
and regulation of COPI/II vesicle coat assembly (Kuehn et al., 1998; Bremser et al., 1999; 
Kaiser, 2000), and generation of vesicular tubular clusters (Lavoie et al., 1999; Rojo et al.,
2000). In yeast, an interaction between the cargo protein Gas1p and p24 proteins has been 
demonstrated, and loss of function of certain p24 proteins reduces the kinetics of ER-to-Golgi 
transport of a subset of secretory proteins, whereas resident ER proteins (Kar2p and Pdi1p) are 
less efficiently retained in the ER (Schimmoller et al., 1995; Elrod-Erickson and Kaiser, 1996; 
Marzioch et al., 1999; Muniz et al., 2000). In C. elegans, reducing the activity of certain p24 
proteins restores at least partially the ER transport block of a mutant protein to the plasma 
membrane (Wen and Greenwald, 1999). Proper p24 function may thus facilitate the transport 
of certain cargo molecules and restrict the entry of ER proteins and incorrectly folded proteins 
into COPII vesicles. Along this line, in the activated Xenopus melanotrope cells a 
Xp24a3/p 1/y3/82 complex could be involved in the inclusion of POMC into transport vesicles, as 
the four p24 members are coordinately expressed with this prohormone. Unfortunately, 
extensive cross-linking and co-immunoprecipitation studies using the Xenopus intermediate
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pituitary cells have not allowed us to establish a direct physical interaction between the 
Xenopus p24 proteins or between p24 and POMC.
In conclusion, we isolated and characterized the set of p24 proteins expressed in a single cell 
type (the Xenopus intermediate pituitary melanotrope cell), and revealed that their expression is 
cell-type specific and can be selectively induced. In the melanotropes, four of the six p24 
members are coexpressed and these representatives of the four subfamilies may form a 
complex that is involved in the efficient ER to Golgi transport of its major cargo protein POMC. 
Together, our results thus point to an involvement of p24 proteins in the process of selective 
protein transport within the early secretory pathway.
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ABSTRACT
Members of the p24 family of putative cargo receptors (subdivided into 
p24a, -ß, -y, and -5) are localized to the intermediate and cis-Golgi 
compartments of the early secretory pathway, and are thought to play 
an important role in protein transport. In this study, we wondered what 
effect increased biosynthetic cell activity with resulting high levels of 
protein transport would have on the subcellular localization of p24. We 
examined p24 localization in Xenopus intermediate pituitary 
melanotrope cells that in black- and white-adapted animals are 
biosynthetically highly active and virtually inactive, respectively. In 
addition, p24 localization was studied in Xenopus anterior pituitary cells 
whose activity is not changed during background adaptation. Using 
organelle fractionation, we found that in the inactive melanotropes and 
moderately active anterior pituitary cells of white-adapted animals, the 
p24a, -ß, -y, and -5 proteins are all located in the cis-Golgi compartment. 
In the highly active melanotropes, but not in the anterior cells of black 
animals, the steady-state distribution of all four p24 members changed 
towards the intermediate compartment and subdomains of the 
endoplasmic reticulum (ER), most likely the ER exit sites. In the active 
melanotropes, the major cargo protein proopiomelanocortin was mostly 
localized to eR subdomains and partially colocalized with the p24 
proteins. Furthermore, in the active cells, in vitro blocking of protein 
biosynthesis by cycloheximide or dispersion of the Golgi complex by 
brefeldin A led to a redistribution of the p24 proteins, indicating their 
involvement in ER-to-Golgi protein transport and extensive cycling in 
the early secretory pathway. We conclude that the subcellular 
localization of p24 proteins is dynamic and depends on the biosynthetic 
activity of the cell.
INTRODUCTION
Proteins destined to leave the endoplasmic reticulum (ER) are transported to specialized 
regions, named ER exit sites (Bannykh et al., 1996; Bannykh and Balch, 1997), where they are 
packaged in Coat protein (COP) II-coated vesicles (reviewed by Rothman and Wieland, 1996; 
Schekman and Orci, 1996; Barlowe, 1998). These vesicles form the Vesicular Tubular Clusters 
(VTCs), which fuse to form the ER-Golgi Intermediate Compartment (ERGIC; Schweizer et al., 
1990; Hauri et al., 2000b), and are subsequently transported to the Golgi complex. The 
mechanism that underlies the inclusion of cargo in the ER-derived vesicles is still poorly 
understood, but several studies have pointed out that this is a selective process that may 
involve transmembrane proteins acting as cargo receptors (Mizuno and Singer, 1993; Balch et 
al., 1994; Kuehn et al., 1998). These receptors, which continuously cycle between ER and 
Golgi complex, thereby facilitating efficient ER-to-Golgi transport, may include ERGIC-53/p58 
(which selectively and transiently interacts with glycoproteins; reviewed by Hauri et al., 2000b) 
and the p24 protein family (subdivided into p24a, -ß, -y, and 5; Dominguez et al., 1998). The 
putative role of p24 proteins as cargo receptors was based on the finding that in yeast deletion 
of certain members of the p24 family caused a selective defect in the transport of invertase and 
Gas1p, but left other cargo protein transport unaffected (Schimmöller et al., 1995; Belden and 
Barlowe, 1996; Marzioch et al., 1999). The recent finding that two of these members, Emp24p 
and Erv25p, which coexist in a heteromeric complex, can be directly cross-linked to the cargo 
protein Gas1p in ER-derived vesicles strongly supports the hypothesis that p24 proteins play a 
direct role in cargo inclusion at the level of the ER (Muniz et al., 2000). In addition, based on a 
genetic study in Caenorhabditis elegans, p24 proteins have been suggested to be involved in 
the quality control of newly synthesized proteins in the ER (Wen and Greenwald, 1999), and in 
mammalian cells they may play an important role in vesicular transport as well (Rojo et al.,
1997). Although p24 proteins are not essential for vesicular transport in yeast (Springer et al.,
2000), they are necessary for mice viability (Denzel et al., 2000).
In general, the steady-state localization of the p24 proteins has been found to be in the 
intermediate- and cis-Golgi compartments (Sohn et al., 1996; Rojo et al., 1997; Dominguez et 
al., 1998; Blum et al., 1999; Füllekrug et al., 1999; Lin et al., 1999). However, considering the
role p24 proteins may play in cargo transport, one could imagine that p24 localization is 
different in biosynthetically active and inactive cells. To test this hypothesis, we have now 
investigated the subcellular localization of p24 family members in the melanotrope cell of the 
intermediate pituitary of the South-African clawed toad Xenopus laevis. This cell type has a 
number of interesting features. First, melanotrope cells are involved in the process of 
background adaptation of the animal, and their biosynthetic activity can therefore be 
manipulated in a physiological manner from virtually inactive (when the animal is adapted to a 
white background) to highly active (in a black-adapted animal). Changing the background color 
of the animal from white to black leads to an enormous increase of cargo transport in the 
melanotrope cells. Second, the melanotrope cells are primarily focused on the biosynthesis and 
processing of the prohormone proopiomelanocortin (POMC), the precursor protein of a- 
melanophore stimulating hormone that is responsible for pigment dispersion in the skin. POMC 
is by far the major cargo protein in the melanotrope cells, representing ~80% of all newly 
synthesized proteins, and thus most of the p24 proteins coexpressed in these cells are 
expected to be linked to POMC transport. Third, the Xenopus intermediate pituitary can be 
easily dissected and consists of a homogenous population of melanotrope cells. Together, 
these characteristics make the melanotrope cell an interesting physiological model system to 
study the subcellular localization of p24 proteins during different states of biosynthetic cell 
activity. We found that depending on the biosynthetic activity of the melanotrope cell the p24 
family members redistribute between the cis-Golgi and pre-Golgi compartments.
MATERIALS AND METHODS
ANIMALS
South-African clawed toads, Xenopus laevis, were adapted to their background by keeping 
them in either white or black buckets under constant illumination for at least three weeks at 
22°C.
ANTIBODIES
The affinity-purified rabbit polyclonal antibody against the lumenal domain of Xp24S2 (anti-S2) 
and the C-terminally-directed p24S antibody (anti-SC) have been described previously (Kuiper 
et al., 2000). Two other rabbit polyclonal antibodies (anti-aC and anti-yC) were raised against 
synthetic peptides that comprised the carboxyl-terminal 12 amino acids of Xp24a3 
(CRHLKSFFEAKKL) or Xp24y3 (CFSDKRTTTTRVGS), respectively. Both peptides were 
coupled to keyhole limpet hemocyanin (Pierce, Rockford, USA) and used for immunization as 
described (Kuiper et al., 2000). To perform double-labeling experiments, we used the Xp24S2 
recombinant protein (Kuiper et al., 2000) for immunization of laying hens, which were immunized 
with 35 |ig recombinant protein in Freund's complete adjuvant. At two-week intervals thereafter, 
the hens were boosted with 35 |ig protein in Freund's incomplete adjuvant. After eight weeks, 
eggs were collected daily and stored at 4°C until immunoglobulin (IgY) extraction. For isolation 
of the polyclonal IgYs, the egg-yolks were separated from the egg white, and washed with 
deionized water. The egg-yolk was removed from its skin, brought to 30 ml with PBS and mixed 
vigorously. Subsequently, 1 vol of 7% (wt/vol) polyethyleen glycol 6000 (PEG-6000; Merck, 
Darmstadt, Germany) in PBS was added and the mixture was vortexed for 30 minutes at 4°C. 
Following centrifugation (5,000g, 20 minutes, 4°C), the immunoglobulins in the supernatant 
were precipitated twice (5,000g, 20 minutes, 4°C) using 12% (wt/vol) PEG-6000 in PBS.
Then, the pellet was resuspended in 4 ml PBS, 4 ml 50% ice-cold ethanol was added, and the 
mixture was centrifuged (10,000g for 25 minutes at 4°C). The IgY pellet was dried, 
resuspended in 4 ml PBS, and stored at -80°C. The new rabbit and avian polyclonal antibodies 
were affinity-purified using immobilized recombinant proteins. The generation of the polyclonal 
rabbit anti-rat adrenocorticotropic hormone (ACTH) and anti-Xenopus secretogranin III 
antibodies has been described previously (Van Eys and Van den Oetelaar, 1981; Holthuis et al., 
1996). The following antibodies were kindly provided by others: guinea pig polyclonal serum 
against the precursor of POMC (ST62; Berghs et al., 1997) and rabbit polyclonal sera against 
rat cis-, medial-, and trans-Golgi membrane fraction (GFI, GFII, and GFIII, respectively; Dr. S. 
Tanaka, Shizuoka University, Shizuoka, Japan), rabbit polyclonal sera against human p24P (Dr.
T. Nilsson, EMBL, Heidelberg, Germany; Dominguez et al., 1998), bovine a/yCOP (Dr. F. 
Wieland, EMBL, Heidelberg, Germany; Gerich et al., 1995), rat GM130 (Dr. G. Warren, Yale 
University School of Medicine, New Haven, CT; Nakamura et al., 1995), rat p58 (Dr. J. Saraste,
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University of Bergen, Bergen, Norway; Saraste and Svensson, 1991), yeast Sec23p (Dr. R. 
Schekman, University of California, Berkeley, CA), human calnexin (Dr. J. Bergeron, Mc Gill 
University, Montreal, Canada), murine ERp72 (Dr. M. Green, St. Louis University, St. Louis, MO), 
and bovine PDI (Dr. N Bulleid, University of Manchester, Manchester, UK; John et al., 1993).
SUBCELLULAR FRACTIONATION OF ORGANELLES FROM XENOPUS PITUITARY TISSUES 
Organelle fractionation of Xenopus pituitary tissues was performed using a 10-30% linear 
iodixanol gradient (Optiprep™, Nycomed Pharma AS, Oslo, Norway) according to the 
manufacturer's procedure. Twenty-five neurointermediate lobes (NILs) or anterior lobes (ALs) 
were homogenized in 200 |jl homogenization buffer (0.25 M sucrose, 1 mM EDTA, 10 mM 
Hepes, pH 7.4) in a glass-glass homogenizer (10 |im inner space), and the homogenate was 
centrifuged at 3,000g for 10 minutes at 4°C. When indicated, NILs were incubated in Xenopus 
culture medium (XL15: 67% Leibovitz's-15 medium; Life Technologies-BRL) in the presence of
50 |ig/ml cycloheximide for one hour, or 5 |ig/ml brefeldin A for two hours at 22°C prior to 
homogenization. Following rehomogenization of the pellet in 300 |jl homogenization buffer and 
centrifugation (3,000g for 10 minutes at 4°C), supernatants were pooled and loaded on top of 
a preformed 11-ml 10-30% iodixanol gradient and centrifuged for 1.5 hours at 26,000 g in an 
SW40-rotor (Beckman Instruments, Palo Alto, CA). One-ml fractions were collected and 
analyzed by enzymatic assays, Western blotting, or ELISA.
ENZYME ASSAYS
The fractions obtained by subcellular fractionation were tested in enzyme assays for the 
presence of a-mannosidase II activity, which is found in the Golgi complex and to some extent 
in the lysosomes, and acid phosphatase (a lysosomal enzyme). The a-mannosidase-II activity 
was measured according to Storrie and Madden (1990) and the acid phosphatase assay was 
performed as described by Graham (1993).
IMMUNODETECTION OF MARKER PROTEINS IN THE SUBCELLULAR FRACTIONS 
To localize marker proteins in the subcellular fractions, Western blotting was performed. 
Gradient fractions were loaded on SDS-polyacrylamide gels and proteins were transferred to 
nitrocellulose membranes (Schleicher & Schuell, Dassel, Germany) by electroblotting. Blots 
were blocked for 1 hour (blocking buffer: 5% nonfat dried milk in PBS containing 1% Tween- 
20, 0.3% Triton-X100) and incubated overnight with specific antibody in blocking buffer. Bound 
antibodies were detected with peroxidase-conjugated goat anti-rabbit followed by 
chemiluminescence (Lumilight, Roche Diagnostics, Mannheim, Germany). In an alternative 
procedure, the subcellular fractions were sonicated for 10 seconds in the presence of 0.1% 
Triton X-100, coated on microtiter plates, and analyzed by ELISA.
DEGLYCOSYLATION WITH ENDOGLYCOSIDASE H 
Proteins in the subcellular gradient fractions were deglycosylated using endoglycosidase H 
(EndoH, Roche Diagnostics, Mannheim, Germany), which cleaves glycoproteins that contain 
high-mannose N-glycan chains. Fractions were boiled for 10 minutes in 50 mM Na-citrate 
buffer, pH 5.5 containing 0.1% SDS, supplemented with 0.5% NP40, 40 |ig/ml soybean trypsin 
inhibitor, and 40 |iM PMSF, and incubated in the presence or absence of 40 mU/ml endoH for 
18 h at 37°C.
PRIMARY CULTURE OF XENOPUS MELANOTROPE CELLS 
To perform immunofluorescence localization studies on the melanotrope cells, a primary culture 
was made of NILs of X. laevis that were adapted to a black background. Lobes were dissected, 
washed several times in sterile Xenopus culture medium (XL15: 67% Leibovitz's-15 medium;
Life Technologies-BRL), and transferred to Ringer's solution (112 mM NaCl, 2 mM KCl, 2 mM 
CaCl2, 15 mM Hepes, pH 7.4, and 2 mg/ml glucose) containing 0.25% (wt/vol) trypsin. After 
incubating for 45 minutes at 20°C, trypsin activity was blocked by adding XL15 medium 
supplemented with 10% (vol/vol) FCS. The lobes were suspended by 15 passes through a 
siliconized Pasteur's pipet, transferred to a syringe, and filtered through a nylon filter (pore size 
60 |jm). Cells were collected by centrifugation, resuspended in a small volume of serum-free 
XL15 medium, and seeded on poly-L lysine-coated coverslips. After 1 hour, XL15/10% FCS 
was added and the cells were cultured overnight at 22°C before using them for experiments.
IMMUNOFLUORESCENCE MICROSCOPY 
Primary cultures of melanotrope cells were fixed in 2% paraformaldehyde/XPBS, pH 7.4 
(XPBS: 67% PBS) for 1 hour on ice. All the subsequent steps were performed at room 
temperature. The melanotropes were rinsed in XPBS, incubated in 100 mM glycine/XPBS for 
30 minutes, and permeabilized by three 5 minutes washes in 0.1% Triton X-100/XPBS (XPBS- 
T). Antibody incubations were performed sequentially for 1 hour in XPBS-T containing 2% 
(wt/vol) bovine serum albumin. Texas red-conjugated donkey anti-rabbit antibodies (1:500; 
Jackson's Laboratories, Pennsylvania) were used to visualize the first antibody-antigen complex. 
The second antibody-antigen complex was visualized using FITC-conjugated donkey anti-guinea 
pig (1:300) or FITC-conjugated donkey anti-chicken (1:1000), Jackson's Laboratories). Finally, 
coverslips were mounted in Mowiol (10% [wt/vol]; CalBiochem, La Jolla, CA); 15% glycerol; 
100 mM Tris-HCl, pH 8.5; 2.5% NaN3) and analyzed with a DM RB/E microscope (Leica 
Instruments, Nussloch, Germany). Digital images were obtained with a CoolSNAP™ color CCD- 
camera (Roper Scientific, Tuscon, AZ; located in the Department of General Instrumentation, 
Faculty of Science, University of Nijmegen) or using a confocal laser scanning microscope 
(MRC 1000, Bio-Rad).
RESULTS
REDISTRIBUTION OF p24 PROTEINS FROM CIS- TO PRE-GOLGI COMPARTMENTS UPON
ACTIVATION OF XENOPUS MELANOTROPES 
To establish the distribution of the p24 proteins in biosynthetically active and inactive cells, we 
performed subcellular fractionation on homogenates of neurointermediate lobes (NILs) and 
anterior lobes (ALs) of pituitaries of black- and white-adapted Xenopus laevis. In Xenopus 
adapting to a black background, the intermediate pituitary melanotrope cells are activated and 
start to produce high amounts of the prohormone POMC, whereas in white animals these cells 
are virtually inactive (Jenks et al., 1993). The biosynthetic activity of anterior pituitary cells is not 
influenced by changing the background of the animal, and these cells were used as a control. 
The subcellular fractionation was accomplished with an iodixanol density gradient and Western 
blotting was used to determine the migration of the p24 proteins on the gradient. We initially 
started our p24 studies with members of the p24S family, of which two (8, and S2) are 
expressed in the Xenopus melanotrope cells (Kuiper et al., 2000). In the gradient of the active 
melanotrope cells of black animals, we found both 8fl and S2 predominantly in fractions 2, 3, and 
4, and to a much lesser extent in fraction 5 (Figure 4-1A). The ratio between 8fl and S2 was 
always ~1:10, as was previously found in unfractionated NIL lysates (Kuiper et al., 2000). 
Interestingly, in the analysis of the virtually inactive melanotropes of white-adapted animals, the 
p24S doublet was found only in fraction 2 (Figure 4-1A), again with a ratio similar to what was 
found for the unfractionated tissues (Kuiper et al., 2000). Also for the moderately active cells of 
the ALs of both black- and white-adapted animals, the distribution of the p24S proteins was 
restricted to fraction 2 (Figure 4-1A). Apparently, in less active secretory cells, the p24S 
proteins have a restricted steady-state localization (fraction 2), whereas in the biosynthetically 
active melanotrope cells of black animals these proteins are distributed over a much broader 
range (fractions 2-5).
To establish which subcellular compartments are present in the various fractions of our gradient, 
we determined the composition of the fractions by performing both enzymatic assays and 
Western blot analysis. The lumenal ER marker protein PDI (Hauri and Schweizer, 1992; Sitia 
and Meldolesi, 1992) was restricted to fractions 7-10 (Figure 4-1B). The COPII-subunit 
Sec23p, which is localized to the ER exit sites and the intermediate compartment (Barlowe et 
al., 1994; Scales et al., 1997), was found only in fraction 3, and the intermediate compartment 
marker protein p58 (Saraste and Svensson, 1991) in fractions 3 and 4 (Figure 4-1C). Since the 
first two fractions of the gradient were positive for the Golgi-localized COPI subunits a-COP 
and y-COP, contained proteins recognized by antibodies raised against rat cis- and medial- 
Golgi fractions (Figure 4-1B and our unpublished results), and displayed a-mannosidase II 
activity (Figure 4-1C), these fractions contained Golgi membranes. Moreover, an antibody 
directed against a rat trans-Golgi fraction recognized proteins in fraction 2 and fractions 7-9. 
These latter fractions may represent the high-density trans-Golgi network (TGN) or a post-TGN 
compartment (immature or mature secretory granules), because they also contained cleavage 
products of the precursor proteins POMC and secretogranin III (our unpublished results). The 
positions of the marker proteins in the gradient of melanotrope cells of white animals or AL cells
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Figure 4-1. Subcellu lar fractionation o f Xenopus 
pitu itary tissues in a 10-30%  iodixanol gradient. 
Neurointermediate lobes (N ILs) and  anterior 
lobes (ALs) o f p ituitary glands o f 2 0  animals 
were used for fractionation as described in 
Material a nd  Methods. (A) Western b lot analysis 
o f the p24S proteins in the organellar fractions of 
the NILs and  anterior lobes A Ls o f black- and  
white-adapted (BA and WA, respectively) 
Xenopus was perform ed using the anti-SC 
antibody. A n  equivalent o f 0.5 NIL/AL  was 
loaded on the gel, except for the inactive NIL o f 
white toads where an equivalent o f 2 .5  NILs was 
loaded. (B ) Western b lo t analysis demonstrating 
the localization o f the ER marker prote in PDI and  
the G olgi marker a /yC O P  in the gradient 
fractions o f BA NIL homogenate. (C ) Distribution  
o f marker proteins in the gradient fractions o f BA 
NIL homogenate indicating the position o f the ER 
exit sites and intermediate compartment (Sec23p, 
♦ ;  p58, a) ,  as determ ined by ELISA, and  the 
G olgi apparatus (mannosidase II, • ) ,  as obtained  
using an enzyme assay.
of black- or white animals were not different from those in the gradient obtained with 
melanotropes of black animals, and thus were not influenced by the biosynthetic activity of the 
cell. Together, these findings suggest that in the inactive intermediate pituitary cells and in the 
cells of the AL, the steady-state distribution of p24S is restricted to a single Golgi membrane- 
containing fraction, whereas in the biosynthetically active melanotrope cells ~60% of the 8 
proteins has shifted to the higher density fractions that contain subcompartments of the ER (ER 
exit sites) and/or the intermediate compartment.
The members of the p24 family are assembled into hetero-oligomeric complexes (Belden and 
Barlowe, 1996; Füllekrug et al., 1999; Gommel et al., 1999; Marzioch et al., 1999; Ciufo and 
Boyd, 2000), and influence the localization of each other (Dominguez et al., 1998). We 
therefore investigated whether in the gradient, in addition to p248, also other p24 members 
expressed in the NIL were redistributed to pre-Golgi fractions upon adaptation of the animal to a 
black background. To identify the Xenopus representatives of the p24a, -ß, and -y subfamilies 
that are expressed in the NIL, we screened a NIL cDNA library of black-adapted toads, and 
found p24a3, p24ß,, and p24y3 (J. R., R.P.K., G. B., and G.J.M.M., manuscript submitted for 
publication). Western blot analysis of the gradient fractions also analyzed for p248 (see above) 
revealed that in the fractionated melanotrope cell homogenates from white-adapted Xenopus, 
the p24a3, -ß,, and -y3 proteins had a distribution that was restricted to fraction 2, whereas in 
the analysis of the melanotropes of black-adapted animals ~60% of these proteins migrated to 
fractions 3 and 4 (Figure 4-2), similar to what was observed for the p248 proteins (Figure 4-1A). 
Thus, the dynamics in the distribution upon physiological activation of the melanotrope cells is 
similar for the members of the four p24 subfamilies.
Black-adapted NIL White-adapted NIL
1 2 3 4 5 6 7 8  1 2 3 4 5 6 7 8
p24<x3 4m. a
P24? - ^ ^ -------_
p24y3 4 »  . « ' »  .  • mm
Figure 4-2. Western b lot analysis o f Xp24a3, - 
P1, and  Y3 in the first eight subcellu lar fractions 
o f the neurointermediate lobe (NIL) 
homogenates o f b lack-adapted and white- 
adapted Xenopus. The remaining fractions 9-13  
were negative for the presence o f the respective  
p24  proteins. A n  equivalent o f 0 .5  NIL was 
loaded on the gel, except for the inactive NIL o f 
white toads where an equivalent o f 2 .5  NILs was 
loaded. Antibodies were against the C-term inal 
region o f X p24a3 or -ya or against the lumenal 
part o f human o24B1.
IMMUNOFLUORESCENCE LOCALIZATION OF p24S2 IN XENOPUS PITUITARY CELLS 
As an alternative approach to establish the steady-state localization of the p24 proteins in the 
melanotrope cells, we made cell suspensions of Xenopus NILs and performed 
immunofluorescence double-labeling experiments on Xp2482 with marker proteins of the early 
secretory pathway. The melanotropes are relatively small cells (10-20 |jm diameter) with large 
nuclei that in primary culture appear as roundly shaped cells, occasionally with small extensions. 
Immunolabeling with the affinity-purified anti-S2 antibody resulted in the staining of clearly 
localized perinuclear structures, which could be indicative of a localization in post-ER 
compartments. Indeed, colabeling of the anti-S2 antibody with antibodies against the marker 
proteins p58 (localized to the intermediate compartment; Saraste and Svensson, 1991), and 
the Golgi-matrix protein GM130 (mainly restricted to the cis-Golgi compartment; Nakamura et 
al., 1995), revealed that in melanotropes of black-adapted animals the S2 protein colocalizes 
largely with p58 and, to a somewhat lesser extent, with GM130 (Figure 4-3A). Hardly any 
colabeling was found with the ER-marker PDI (our unpublished results), which confirms our 
results obtained with the subcellular fractionations showing that the p24 proteins are clearly 
separated from the ER subdomain that contains PDI (Figure 4-1). We tried several other 
commonly used marker antibodies for ER (calnexin, ERp72, BiP), but unfortunately they did not 
cross-react with the Xenopus proteins. Due to the low amount of S2 expressed in melanotropes 
of white-adapted animals, this protein could not be detected with immunofluorescence in these 
inactive cells. However, in the cells of the anterior lobe, which showed an organelle distribution 
in the density gradient similar to that of the melanotropes of white toads, the S2-positive 
structures colabeled to a large extent with GM130 and less with p58 (Figure 4-3B). These 
differences in immunofluorescence localization of 82 between melanotropes of black animals 
and anterior lobe cells are in agreement with the results obtained with the subcellular 
fractionation and suggest that Xp24S2 has a steady-state localization that is restricted to the 
(cis-Golgi compartment in the biosynthetically inactive or moderately active cells, but extends 
to pre-Golgi compartments, including the intermediate compartment, in the highly active 
melanotropes of black-adapted toads.
DISTRIBUTION OF POMC IN XENOPUS PITUITARY CELLS 
The major task of the melanotrope cells of the Xenopus intermediate pituitary is the production 
of the prohormone POMC. This is reflected by an increase in POMC mRNA levels of ~30-fold 
in the biosynthetically activated cells of black-adapted animals and the fact that POMC 
represents ~80% of the total of newly synthesized proteins. Thus, in these active melanotropes, 
POMC is by far the major cargo protein to be transported through the secretory pathway. Since 
the p24 proteins have been proposed to fulfill an important role in cargo transport between ER 
and Golgi complex, we analyzed the steady-state localization of POMC in the pituitary cells and 
compared this localization with that of the p24 proteins. For immunodetection, we used an 
antibody raised against adrenocorticotropic hormone (ACTH), one of the POMC-derived 
peptide hormones, recognizing POMC and several of its cleavage products. As expected, the 
amount of POMC that could be detected in the fractions of the NIL-gradient of black-adapted 
animals was much higher than in that of white-adapted toads. Moreover, the former gradient 
showed a number of cleavage intermediates that were also recognized by the ACTH-antibody. 
These POMC cleavage intermediates, which indicate the presence of late-Golgi and post-Golgi 
compartments, were found mainly in fractions 2 and 3 (23- and 16 kDa) and fractions 7-10 
(<16 kDa), and could not be observed in the gradient of the NIL of white-adapted animals (our 
unpublished results). In the gradient of active melanotropes, the 37-kDa precursor form of 
POMC was abundantly present in fractions 2-7, with highest amounts in fraction 5, whereas in 
the gradient of inactive melanotropes, POMC was found almost exclusively in fraction 2 (Figure
4-4). In cells of the AL, POMC had a somewhat broader distribution than in the melanotropes of 
white toads (fractions 2-4), but also in this case, POMC migrated predominantly to fraction 2 
(Figure 4-4). Thus, the high rate of POMC biosynthesis in the melanotropes of black animals 
clearly results in a steady-state distribution of POMC that is different from that in the 
melanotropes of white animals and the cells of the AL, an observation similar to what was found 
for the p24 proteins. Although the composition of fractions 5 and 6 could not be determined 
with marker proteins, the POMC molecules present in these fractions, which are N-linked 
glycosylated, were sensitive to endoH (our unpublished results), indicating that these POMC 
molecules did not pass the medial-Golgi (Kornfeld and Kornfeld, 1985). On the basis of this
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Figure 4-3. Steady-state im muno-fluorescence  
localization o f Xp2 4 8 2  in primary cultured pituitary 
cells o f black-adapted Xenopus. Double stainings 
o f Xp2 4 8 2  relative to marker proteins o f the 
intermediate compartment (p58) and G olgi 
(G M 130) in the melanotrope cells o f the 
intermediate lobe (A) or cells o f the anterior lobe
(B). Labeling o f 82 was perform ed with the avian 
anti-82 antibody. B ar: 5  jim . A  co lor version o f 
this figure, including merged images, is 
presented on page 8 8  o f this thesis.
p58
GM130
p58
*  '* «0k
GM130
S  *  x
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observation, together with the finding that the cis- and medial-Golgi, and the intermediate 
compartment were localized to fractions 1-4, we conclude that the major pool of POMC in 
fractions 5/6 may be located to the ER. It therefore appears that the high levels of POMC that 
are produced in the melanotrope cells of black-adapted animals can be found almost exclusively 
in the early compartments of the secretory pathway, with highest amounts in the ER. Although 
the distribution of POMC in the gradient of melanotropes of black animals does not completely 
overlap with that of the p24 proteins, there was a considerable amount of codistribution of 
these proteins (Figures 4-1, 4-2, and 4-4). To further investigate the degree of overlap in the 
localization of the p24 proteins and POMC, we performed double-labeling immunolocalization
Figure 4-4. Distribution o f the prohormone  
P O M C  in the subcellu lar fractions o f 
neurointermediate lobe (N IL) homogenates o f 
both black- and white-adapted (BA and WA, 
respectively) Xenopus, and the anterior lobe (AL) 
o f BA toads, determ ined by Western b lo t 
analysis. For im munolabeling o f POMC, an 
antibody directed against A C TH  was used. B lots 
o f the WA NIL and BA AL were exposed 
considerably longer than that o f the BA NIL.
experiments with anti-82 and anti-POMC antibodies (Figure 4-5). To circumvent any interference 
of POMC-derived cleavage products present in the late secretory pathway, we used for the 
immunodetection of POMC an antibody that recognizes only the precursor form of POMC. In 
the melanotropes of black toads, part of the POMC-staining was present in distinct perinuclear 
structures that completely overlapped with the staining pattern of 82, whereas a substantial 
amount of POMC could be detected as a diffuse staining throughout the melanotrope cell that 
was not overlapping with 82 (Figure 4-5). In the melanotropes of white-adapted animals, hardly 
any POMC could be detected, except for a limited number of cells that showed some POMC- 
staining in perinuclear structures (our unpublished results). This latter finding is in line with 
previous results showing that a small subpopulation of melanotropes of white animals is active 
(De Rijk et al., 1990). In the POMC-producing corticotrope cells of the AL (~10% of the total 
population of AL cells), the immunolabeling of POMC often showed a typical Golgi-staining that, 
despite their comigration on the density gradient, had only a limited overlap with 82 and in some 
cases the staining patterns of the two proteins were totally different (Figure 4-5). In this 
connection it is important to note that the diffuse staining pattern of POMC that was observed 
throughout the active melanotrope cells was not found in the POMC-producing cells of the AL 
(Figure 4-5), suggesting that this diffuse pattern is not background staining, but rather 
represents POMC molecules localized to the ER. Thus, a complete overlap between POMC 
and 82 was observed only in the perinuclear structures in the melanotropes of black toads. 
Together, these data indicate that in the biosynthetically active melanotrope cells of the NIL, the 
localization of POMC partly overlaps with that of the p24 proteins in early secretory pathway 
compartments, while an additional pool of POMC can be found in p24-negative subdomains of 
the ER.
Figure 4-5. Double-immunofluorescence  
labeling o f Xp2482 and P O M C  in primary 
cultured melanotrope cells o f the 
neurointermediate lobe (N IL) and a num ber o f 
PO M C-producing cells o f the anterior lobe (AL) 
o f black-adapted Xenopus. The am ount o f 
PO M C-producing cells in a ce ll suspension o f 
the AL is ~10% . Antibodies used were the 
affinity-purified anti-82 antibody, and the anti- 
P O M C  antibody ST-62 that specifica lly 
recognizes the precursor form and not the 
cleavage products o f POM C. Bar: 10 nm . A 
co lor version o f this figure, including merged  
images, is presented on page 88  o f this thesis.
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THE LOCALIZATION OF p24 IS LINKED TO POMC BIOSYNTHESIS 
The observed differences in subcellular localization of the p24 proteins between the 
melanotropes of black- and white-adapted animals may be directly related to the very different 
biosynthetic activities of these cells. To explore this possibility, we investigated whether 
blocking protein synthesis would affect p24 localization in active melanotropes. NILs of black- 
adapted toads were incubated for one hour in the presence of cycloheximide, and subjected to 
subcellular fractionation and Western blot analysis. During this time period of cycloheximide 
treatment, the biosynthesis of POMC was effectively blocked, whereas the total amount of p24 
proteins was not greatly affected (our unpublished observations). The distributions of a- and y- 
COP were determined to establish the reproducibility among the various fractionation 
experiments. As shown in Figure 4-6, in this experiment the p24 proteins 8, and 82 distributed in 
the gradient of the untreated NILs to fractions 1-5, with most immunoreactivity in fraction 2, 
while a- and y-COP were found to be restricted to fraction 1. Upon treatment of the 
biosynthetically active NILs with cycloheximide, 8, and 82 redistributed towards lower-density 
fractions, with the highest levels in fraction 1. Again, as was found in the case of the 
physiologically manipulated NILs (Figures 4-1 and 4-2), this redistribution of the 8 proteins was 
accompanied by a similar shift in the distribution of y3; POMC that was localized to fractions 1-4 
in this particular gradient, also redistributed towards the top of the gradient (our unpublished 
observations). Thus, blocking of protein synthesis in the active melanotropes results in a 
redistribution of the subcellular localization of the p24 proteins.
- cycloheximide + cycloheximide
1 2 3 4 5 
a-COP— — 
y-COP—
1 2 3 4 5
Figure 4-6. The effect o f a block o f protein  
synthesis on the subcellu lar localization o f p24§1 
and 8 2  in b iosynthetically active melanotrope 
cells o f b lack-adapted Xenopus. N ILs were 
incubated in the absence or presence o f 50  
p g /m l cyclohexim ide for one hour a t 22°C, the 
homogenates were subjected to subcellu lar 
fractionation and the first five fractions were 
analyzed by Western blotting. The distributions 
o f a - and  y-COP were determ ined to enable 
comparisons between the various subcellu lar 
fractionation experiments.
EFFECT OF BREFELDIN A ON p24 LOCALIZATION IN XENOPUS MELANOTROPES 
The difference in the steady-state localization of the p24 proteins between active and inactive 
melanotrope cells could be the result of a true redistribution of p24 to other subcellular 
compartments or, alternatively, may reflect activity-dependent differences in p24 cycling 
behavior. To be able to distinguish between these two possibilities, we tried to interfere with any 
continuous p24 cycling in the active melanotropes using the fungal metabolite brefeldin A 
(BFA), and then analyzed the subcellular distribution of the p24 proteins. BFA is known to block 
COPI-mediated transport, resulting in a dispersion of the Golgi complex and a block in forward 
transport (Lippincott-Schwartz et al., 1989; Orci et al., 1991). Several cycling components of 
the ER-Golgi interface, including members of the p24 family, have been described to 
accumulate in structures localized to the periphery of the BFA-treated cell (Saraste and 
Svensson, 1991; Rojo et al., 1997; Blum et al., 1999; Füllekrug et al., 1999). Therefore, 
redistribution of p24 proteins after treatment with BFA serves as a good indication that these 
proteins are recycling from the Golgi apparatus (Füllekrug et al., 1999). In Xenopus 
melanotrope cells, BFA effectively inhibits transport and processing of POMC (our unpublished 
observations). Immunofluorescence analysis of BFA-treated Xenopus melanotrope cells 
revealed a drastic redistribution of p2482 towards peripheral structures (Figure 4-7A), similar to 
what was found for other members of the p24 family (Rojo et al., 1997; Blum et al., 1999; 
Füllekrug et al., 1999). Moreover, subcellular fractionation of BFA-treated NILs revealed that the 
p248 proteins were predominantly present in fraction 2 of the gradient, clearly different from the 
broader distribution observed in untreated cells (compare Figures 4-7B and 4-1A). Thus, upon 
BFA-treatment, the majority of the p248 proteins that originally appeared in the pre-Golgi 
compartments (fractions 3 and 4) redistributed towards lower-density structures, suggesting 
that this pool of p24 proteins is indeed actively cycling between ER and Golgi complex.
Figure 4-7. The effect o f brefeldin A on the 
subcellu lar localization o f p24S1 and 52 in 
biosynthetically active melanotrope cells o f black- 
adapted Xenopus. (A) Immunofluorescence 
analysis o f primary cu ltured melanotrope cells 
after a two-hour incubation w ith 5  n g /m l BFA 
using the affinity-purified Xp24S2 antibody. Bar: 5  
Hm (B ) Western b lot analysis o f subcellu lar 
fractions o f BFA-treated NILs; experimental 
conditions as under A.
DISCUSSION
We have analyzed the steady-state subcellular distribution of members of the four subfamilies of 
p24 proteins (p24a, -ß, -y and -8) during different states of cellular biosynthetic activity. For this 
study, we used the physiologically inducible POMC-producing melanotrope cells of the 
Xenopus intermediate pituitary. These cells regulate background adaptation of this animal and 
their biosynthetic activity can vary from virtually inactive (in white-adapted toads) to highly active 
(in black animals). The analysis of the two physiological states of the melanotropes revealed an 
interesting correlation between the subcellular sites of p24 localization and biosynthetic cell 
activity. Using subcellular fractionation, the p24 proteins of the biosynthetically active 
melanotropes distributed to fractions 2-5, including to those containing the intermediate 
compartment and ER exit sites. In contrast, the p24 proteins of the inactive melanotrope cells 
were found in the low-density Golgi-containing fraction 2, similar to the situation for the non­
induced, moderately active anterior pituitary cells that were used as a control. Furthermore, 
blocking of protein synthesis in the active melanotropes also caused a redistribution of the p24 
proteins to lower-density fractions. From these results we conclude that the distribution of the 
p24 proteins is varying between cis-Golgi and pre-Golgi compartments, depending on the 
biosynthetic activity of the cells.
Melanotrope cell activation is accompanied by a drastic increase in the amount of the cargo 
protein POMC that has to be transported through the secretory pathway. This extremely high 
level of cargo transport requires an increase in the capacity of the whole transport machinery, 
which results in the coordinate upregulation of the expression of a number of proteins, including 
members of the p24 family (Holthuis et al., 1995a; Holthuis et al., 1995b; Kuiper et al., 2000; 
J.R., R.P.K., G.B., and G.J.M.M., manuscript submitted for publication). We therefore considered 
the possibility that the appearance of the higher-density p24-containing compartments in the 
biosynthetically active melanotropes could be caused simply by an increase in the amount of 
cargo leading to higher densities of these structures, rather than reflecting a true shift in the 
steady-state localization of the p24 proteins to other compartments. However, both our 
subcellular fractionation and immunofluorescence data indicate that the localization of the p24 
proteins changes relative to markers of the early secretory pathway, which suggests that the 
density of these compartments is not influenced by the high amounts of POMC produced in the 
active melanotropes. Earlier studies on the localization of p24 family members in transfected 
tumor cells in culture have revealed that overexpression of p24 proteins can result in the 
appearance of artificial membranous structures, especially when individual members are 
overexpressed (Dominguez et al., 1998; Füllekrug et al., 1999; Emery et al., 2000; Rojo et al., 
2000). We believe that the change in distribution of the p24 proteins observed here is not 
caused by such a phenomenon, since the biosynthetic activation of the melanotrope cells is a 
physiological process that is necessary for efficient, high-level transport and processing of
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POMC. Together, we conclude that Xenopus melanotrope cell activation leads to the 
localization of p24 proteins in a broad spectrum of compartments, including the cis-Golgi, the 
intermediate compartment and, most likely, the ER exit sites.
Similar to what was observed for the p24 proteins, the subcellular localization of POMC was 
found to be dependent on the biosynthetic activity of the cell. In the gradient containing the NIL 
compartments of white toads, POMC comigrated with the p24 proteins to the low-density 
fraction 2. In the subcellular fractions containing the highly active NIL compartments of black 
toads, however, only low amounts of the prohormone were localized to the low-density fraction, 
while the majority was found in a number of higher-density fractions. Hence, both the p24 family 
members and the cargo protein POMC are distributed over a broader range of subcellular 
compartments when the melanotrope cells become active. However, POMC and the p24 
proteins were not completely overlapping in the active melanotrope cells, since a substantial 
amount of POMC migrated further into the density gradient (mainly to fraction 5). This finding is 
in line with our immunofluorescence data with primary melanotrope cells in culture, showing that 
structures containing p24S2 were always positive for POMC, while a substantial amount of 
POMC was not colocalizing with S2 and was present as a diffuse staining throughout the 
melanotrope cell. Thus, two pools of POMC could be identified in the melanotrope cells of 
black toads. The first pool, which distributed to fractions 2-4 of the density gradient and 
colocalized with the p24 proteins, is likely present in the ER exit sites, and the intermediate- and 
cis-Golgi compartments. The second, p24-negative pool of POMC is, although only partially 
overlapping with the ER marker PDI, most likely localized to (subdomains of) the ER, since i) it 
was sensitive to endoH and thus did not pass the medial-Golgi, and ii) migrated to fractions 5-7, 
while the Golgi- and intermediate compartments are in the first four fractions of the gradient. 
Together, these data indicate that the high expression of POMC in the melanotropes of black 
animals leads to a steady-state localization of this prohormone in the early compartments of the 
secretory pathway. The p24-negative pool of POMC may represent freshly-made molecules that 
just entered the ER lumen, which may suggest that in these cells ER exit is a rate-limiting step in 
POMC biosynthesis.
The very high level of POMC biosynthesis in the melanotropes of black toads requires a highly 
active and efficient ER-to-Golgi transport machinery. Our observation that the p24 proteins have 
a broader subcellular distribution in the highly active melanotrope cells may be a direct result of 
this increased vesicular transport. This assumption was confirmed by our experiments with BFA, 
a metabolite that is known to interfere with the cycling of components between ER and Golgi 
complex (Füllekrug et al., 1997; Füllekrug et al., 1999). BFA-treatment of active melanotropes 
led to a redistribution of pre-Golgi-localized p24 molecules towards low-density Golgi-like 
peripheral structures. Thus, the observed change in steady-state p24 localization actually 
indicates that the dynamics of p24 cycling has changed, and that in the highly active 
melanotropes the time period that the p24 proteins reside in the ER and intermediate 
compartment is longer than in less active cells.
The hypothesis that p24 proteins play a role in protein transport has been well accepted 
(Kaiser, 2000). Our finding that the sites of localization of p24 proteins in the secretory pathway 
of Xenopus melanotropes are linked to the biosynthetic activity of the cell is in line with this 
hypothesis. How can this notion be correlated to existing models for p24 function? The ability of 
some members of the p24 family to interact with coatomer and their enrichment in COPI-coated 
vesicles led to the hypothesis that p24 proteins could act as coatomer receptors, driving and 
regulating the formation of COPI-coated vesicles (Sohn et al., 1996; Nickel and Wieland, 1997; 
Goldberg, 2000). However, the pre-Golgi compartments that accumulate high amounts of p24 
proteins in the biosynthetically active Xenopus melanotropes do not contain COPI, suggesting 
that an additional role for the p24 proteins may exist in these compartments. Several functional 
models have been proposed in which the p24 proteins fulfill a regulatory role during the 
inclusion of cargo in transport vesicles at the ER membrane. For instance, p24 proteins could 
act as cargo receptors, directly interacting with cargo and thereby facilitating cargo inclusion in 
COPII-coated vesicles at the ER membrane (Schimmöller et al., 1995; Muniz et al., 2000). 
Furthermore, since in yeast the p24 proteins are not essential for COP-mediated vesicular 
transport in the early secretory pathway, they may be indirectly involved in a selection 
mechanism during vesicle formation through the active exclusion of misfolded cargo proteins 
(as part of the quality control mechanism) or ER resident proteins (Elrod-Erickson and Kaiser, 
1996; Wen and Greenwald, 1999; Kaiser, 2000; Springer et al., 2000). Finally, p24 proteins
have been proposed to delay the budding process, enabling correct packaging of cargo in 
vesicle buds, or to create membrane rafts that define nucleation sites for the generation of 
vesicles and tubules (Lavoie et al., 1999; Kaiser, 2000; Rojo et al., 2000). All of these models 
have in common that the p24 proteins would control the selectivity during cargo packaging at 
the ER membrane. In the biosynthetically active melanotropes of black-adapted Xenopus, the 
extremely high level of POMC biosynthesis may increase the need for regulation at this stage, 
which would explain the shift in steady-state distribution of the p24 proteins in these cells 
during the process of background adaptation of the animal.
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ABSTRACT
The p24 family of putative cargo receptors can be subdivided into four 
subfamilies (p24a, -ß, -y, and 5) that are all located in compartments of 
the early secretory pathway and that form oligomeric complexes in 
which one member of each subfamily is represented. Six p24 members 
(a3, ß-,, y2, y3, 5-,, and 52) have been found to be expressed in the melano- 
trope cells of the intermediate pituitary of X e n o p u s  l a e v i s .  These cells 
are equipped with a highly inducible biosynthetic machinery that is 
devoted to the production of proopiomelanocortin (POMC), the 
prohormone involved in background adaptation of the animal. Using 
subcellular fractionation and immunofluorescence microscopy, we now 
compared the steady-state intracellular localizations of the six 
melanotrope p24 proteins. The subcellular localizations of the N-linked 
glycosylated p24 proteins a3 and y3 were found to be coupled, as well as 
those of ßn and 52, and y2 and 5V Interestingly, the coupled a3-y3 and ßn-52 
members (but not y2 and 5-,) are coordinately expressed with POMC in 
the melanotropes, and these two pairs may therefore be specifically 
involved in the transport of this prohormone. Since the existence of a-y 
and ß-5 dimers has been described in yeast, our data indicate that, in the 
highly active melanotropes, these p24 pairs form two separate 
heterodimers. Native gel electrophoresis and cross-linking analysis 
revealed a number of 52-containing (hetero)dimers and -multimers, 
while for 5-,, complex formation was drastically less. Together, our 
results suggest that in X e n o p u s  melanotrope cells, various p24 dimers 
occur that are differentially regulated, and that 52-containing oligomers 
assemble and disassemble during their cycling in the early secretory 
pathway.
INTRODUCTION
The p24 protein family is composed of a group of type-I transmembrane proteins that fulfill an 
important role in protein transport between the endoplasmic reticulum (ER) and Golgi complex. 
Although their function has not yet been established, there is strong evidence that the p24 
proteins are involved in determining specificity during cargo transport out of the ER, leading to 
the segregation of correctly folded cargo from misfolded cargo and ER resident proteins 
(Schimmöller et al., 1995; Elrod-Erickson and Kaiser, 1996; Wen and Greenwald, 1999; Kaiser, 
2000; Muniz et al., 2000). On the basis of sequence comparisons, the p24 family has been 
subdivided into four subfamilies named p24a, -ß, -y, and -5 (Dominguez et al., 1998). In yeast, 
a-y- and ß-5 heterodimers are formed that involve binding of the coiled-coil regions in the 
lumenal domains of the p24 proteins (Ciufo and Boyd, 2000). Furthermore, several studies have 
indicated that members of the different subfamilies can influence the localization of each other 
and that p24 proteins assemble into hetero-oligomeric complexes in which a member of each 
subfamily is represented, while other p24 proteins are excluded (Dominguez et al., 1998; 
Füllekrug et al., 1999; Emery et al., 2000). The completely sequenced genomes of 
Saccharomyces cerevisiae and Caenorhabditis elegans contain a total of eight and five p24 
members, respectively, and in the human genome at least nine members can be found (chapter 
3; Emery et al., 1999; Marzioch et al., 1999; Kuiper and Martens, 2000). All of these members 
are present in Coat Protein (COP)-coated vesicles and are localized to the ER-Golgi region of 
the secretory pathway. Thus far, we have identified eight p24 members in Xenopus laevis of 
which six are expressed in the melanotrope cells of the intermediate pituitary (chapter 3). The 
melanotropes are responsible for the production of a-melanophore stimulating hormone 
(aMSH) through cleavage of the prohormone proopiomelanocortin (POMC). aMSH regulates 
darkening of the skin in animals that are transferred to a black background, resulting in a highly 
increased (~30-fold) expression of POMC upon black-background adaptation. A differential 
screening approach revealed that in the melanotrope cells a number of genes is expressed 
coordinately with POMC, including the p24 family member p2452 (Holthuis et al., 1995b).
These coexpressed proteins likely all participate in steps of hormone biosynthesis and 
secretion. When the expression levels of the six p24 proteins in the melanotrope cells of black 
and white animals were compared, it was found that these p24 proteins can be divided into two
groups. One group consists of members that are coordinately expressed with POMC in the 
Xenopus melanotrope cells and contains a member of each subfamily of p24 proteins, namely 
a3, p,, y3, and S2. The p24 proteins in the other group (the subfamily members y2 and 8,) are not 
induced upon background adaptation. Thus, the expression levels of the various p24 proteins in 
Xenopus melanotropes are differentially induced (chapter 2 and 3). In the present chapter, we 
have compared the subcellular distributions of the six p24 members in the Xenopus 
melanotrope cells. We found similar localizations for the various melanotrope p24 proteins, and 
in the intermediate compartment complete overlap between a3 and y3, Pi and 82, and y2 and 8,. 
Furthermore, 82 appeared to be present in a number of multimeric forms, whereas for 8, hardly 
any complexes were found. Together, our results provide insight into the dynamics of p24 
complex formation in Xenopus melanotrope cells.
MATERIAL AND METHODS
ANIMALS
South-African clawed toads, Xenopus laevis, were bred and reared in the aquarium facility of the 
Department of Animal Physiology at the University of Nijmegen. Animals were adapted to their 
background by keeping them in either white or black buckets under constant illumination for at 
least 3 weeks at 22°C.
ANTIBODIES
The affinity-purified rabbit and avian polyclonal antibodies against the lumenal domain of 
Xp2482, the avian polyclonal antibody against part of the lumenal domain of Xp24Y2, and the 
rabbit polyclonal antibodies against the C-terminal regions of Xp24a3, Xp24Y3, and Xp2482 
have been described previously (Kuiper et al., 2000; chapters 2-4). Another avian polyclonal 
antibody (anti-8,N1) was raised against a recombinant protein that corresponds to the region 
from Leu29 to Ile94 in the lumenal part of the Xp248, protein. A His-tagged version of this 
recombinant protein was produced by subcloning the corresponding PCR-amplified cDNA 
fragment in the Qiagen (Chatsworth, CA) expression vector pQE30 that was expressed in 
Escherichia coli. His-tagged proteins were affinity purified with Ni2+-nitrilotriacetic acid agarose 
affinity chromatography and used for immunization of chickens as described previously (chapter 
4). Following purification of the immunoglobulins from egg yolk (chapter 4), the anti-8,N1 
antibody was affinity purified using the immobilized recombinant proteins. The specificity of the 
antibodies was checked by Western blot analysis. The generation of the polyclonal rabbit anti- 
Xenopus secretogranin III antibody has been described previously (Holthuis et al., 1996). The 
following antibodies were kindly provided by others: rabbit polyclonal sera against the precursor 
of POMC (ST62; Berghs et al., 1997), rat cis-Golgi membrane fraction (GFI; Dr. S. Tanaka, 
Shizuoka University, Shizuoka, Japan), human p24p (Dr. T. Nilsson, EMBL, Heidelberg,
Germany; Dominguez et al., 1998), bovine aAyCOP (Dr. F. Wieland, EMBL, Heidelberg, 
Germany; Gerich et al., 1995), rat p58 (Dr. J. Saraste, University of Bergen, Bergen, Norway; 
Saraste and Svensson, 1991), and bovine PDI (Dr. N Bulleid, University of Manchester, 
Manchester, UK; John et al., 1993).
SUBCELLULAR FRACTIONATION OF ORGANELLES FROM XENOPUS PITUITARY TISSUES 
Organelle fractionation of neurointermediate lobes (NILs) or anterior lobes (ALs) of Xenopus 
laevis was performed using a self-generating iodixanol gradient (Nycomed Pharma AS, Oslo, 
Norway) with a starting concentration of 15%. Twenty-five lobes were homogenized in 
homogenization buffer (0.25 M sucrose, 1 mM EDTA, 10 mM Hepes, pH 7.4) in a glass-glass 
homogenizer (10 |im inner space), and the homogenate was centrifuged at 1,000 g for 10 
minutes at 4°C. After rehomogenization of the pellet in 300 |jl homogenization buffer and 
centrifugation (1,000g for 10 min at 4°C), supernatants were mixed with iodixanol solution and 
homogenization buffer to a final volume of 11 ml and an iodixanol concentration of 15%. The 
organelle mixture was centrifuged for 3 hrs at 180,000 g in a VTi 65.1 vertical fixed-angle rotor 
(Beckman Instruments, Palo Alto, CA, U.S.A.). One-ml fractions were collected and analyzed for 
the presence of p24 proteins and marker proteins using Western blot analysis. The distribution 
of the Golgi marker a-mannosidase II was determined by the use of an enzyme assay according 
to Storrie and Madden (1990). Refraction values were determined to reveal the iodixanol 
concentration in each of the fractions, which varied from ~4% in fraction 1 to ~24% in fraction 
10.
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WESTERN BLOT ANALYSIS 
For Western blot analysis, NILs or ALs were homogenized in 50 mM Hepes, pH 7.2, 140 mM 
NaCl, 1% Tween-20, 0.1% Triton X-100, 0.1% deoxycholate, 0.1% SDS, 1 mM PMSF, 0.1 
mg/ml soybean trypsin inhibitor. After the lysates were cleared by centrifugation, the 
supernatants were resolved on 12,5% SDS-PAGE and transferred to nitrocellulose membranes 
(Schleicher & Schuell, Dassel, Germany). Immunostaining was performed with the use of Lumi- 
Light detection (Roche Biochemicals, Mannheim, Germany). Quantification of the acquired 
signals was performed using a Lumi-Imager (UVP, Cambridge, UK).
IMMUNOFLUORESCENCE MICROSCOPY ON PRIMARY CULTURES OF XENOPUS MELANOTROPE
CELLS
The preparation of primary cultures of melanotrope cells from the NIL of Xenopus, as well as the 
fixation and immunolabeling of the melanotropes have been described previously (chapter 4). All 
antibody incubations were performed for 1 hr in 0.1% triton X-100/XPBS (XPBS-T) containing 
2% (wt/vol) bovine serum albumin and were performed sequentially, starting with the rabbit 
polyclonal antibodies. Texas red-conjugated donkey anti-rabbit antibodies (1:500; Jackson's 
Laboratories, Pennsylvania) were used to visualize the first antibody-antigen complex, while the 
second antibody-antigen complex was visualized with FITC-conjugated donkey anti-chicken 
(1:1000; Jackson's Laboratories) or FITC-conjugated donkey anti-guinea pig (1:500; Jackson's 
Laboratories). Coverslips were mounted in Mowiol (10% [wt/vol; CalBiochem, La Jolla, CA]; 
15% glycerol; 100 mM Tris-HCl, pH 8.5; 2.5% NaN3). Confocal images were obtained with the 
use of a MRC 1024 confocal laser scanning microscope (Biorad).
DEGLYCOSYLATION OF p24 PROTEINS 
The p24 proteins of the NIL were analyzed for the presence of N-glycan chains using 
endoglycosidase H (EndoH, Roche Diagnostics, Mannhein Germany), which cleaves only high­
mannose chains, or N-glycosidase F (NglycF, Roche Diagnostics), which cleaves all N-glycan 
chains irrespective of their state of modification. Furthermore, O-glycosidase (Roche 
Diagnostics) was used to test whether O-linked glycan groups were present. Fractions of the 
subcellular fractionation gradient were boiled for 10 minutes in 50 mM Na-citrate buffer, pH 5.5 
(EndoH) or 50 mM Hepes, pH 7.4 (NglycF or O-glycosidase) containing 0.1% SDS, 
supplemented with 0.5% NP40, 40 |ig/ml soybean trypsin inhibitor and 40 |iM PMSF, and 
incubated in the presence or absence of 40 mU/ml endoH, 40 mU/ml NglycF, or 20 mU/ml O- 
glycosidase for 16 h at 37°C.
POLYACRYLAMIDE GEL ELECTROPHERESIS OF HIGH-MOLECULAR PROTEIN COMPLEXES 
For the analysis of any large protein complexes in Xenopus pituitary tissues, gradient acrylamide 
gels were made with a polyacrylamide concentration varying from 5% at the top of the 
separating gel to 20% at the bottom of the gel. Other components in the gel were identical to 
standard SDS-PAGE gels.
When complexes were separated under native conditions, SDS was omitted from the stacking 
and running gel, and from the sample buffer. Lobes were lysed in lysis buffer (50 mM Hepes, 
pH 7.2, 140 mM NaCl, 1% Tween-20, 0.1% Triton X-100, 0.1% deoxycholate, 1 mM PMSF,
0.1 mg/ml soybean trypsin inhibitor) in the absence or presence of 0.1% SDS, and the lysates 
were cleared by centrifugation. For the analysis of cross-linked protein complexes, samples 
were loaded in sample buffer without reducing agent.
CROSS-LINKING ANALYSIS 
Cross-linking of pituitary proteins was performed on tissue homogenates containing intact 
organelles. NILs or ALs were homogenized in homogenization buffer (0.25 M sucrose, 1 mM 
EDTA, 67% PBS, pH 7.4) in a glass-glass homegenizer with 15 strokes of the pestle. The 
homogenate was centrifuged (300 g, 10 minutes, 4°C), and the supernatant was incubated 
with 0.25-1 mM dithiobis-succinimidyl propionate (DSP, Sigma) or 0.5-2 mM dithiobis- 
sulfosuccinimidyl propionate (DTSSP, Sigma) for 30 minutes at 20° or at 4°C. The cross-linking 
reaction was stopped by adding glycine to a final concentration of 50 mM and incubating for 30 
minutes at 4°C. Samples were boiled in SDS-sample buffer (2% SDS; 10% glycerol; 0.01% 
bromophenol blue; 62.5 mM Tris/HCl, pH 6.8) without reducing agents for 5 minutes, and 
separated on a 5-20% SDS-polyacrylamide gradient gel.
RESULTS
DISTRIBUTIONS OF p24 PROTEINS IN SUBCELLULAR FRACTIONS OF XENOPUS MELANOTROPE 
CELLS
In Xenopus melanotrope cells, six members of the p24 family have been found to be expressed, 
namely a3, p,, y2, y3, 5,, and 52. Four of these members (a3, P,, y3, and 52) are coexpressed with 
POMC, and thus their expression is highly increased when the melanotropes become 
biosynthetically active (chapters 2 and 3). To obtain more insight into how these p24 proteins 
operate, we analyzed their subcellular distributions in the biosynthetically active melanotrope 
cells. For this purpose, a cleared homogenate of twenty neurointermediate lobes (NILs) of 
black-adapted Xenopus toads was subjected to density gradient centrifugation on a self- 
generating iodixanol gradient (in chapter 4 we used a prefixed 10-30% linear gradient). The 
fractions were analyzed for the presence of p24 proteins by SDS-PAGE and Western blotting. 
With this fractionation gradient, each of the six members was recovered predominantly in two 
pools (Figure 5-1A). About 70% of each of the p24 proteins was found in the top region of the 
gradient (fractions 1 and 2), whereas the remaining ~30% distributed towards the bottom 
region of the gradient (fraction 10). The 5, and 52 proteins seemed to have a somewhat broader 
distribution than the other p24 proteins, since clear signals of these members could be 
detected in fractions 3 and 9 as well. Interestingly, when comparing fractions 1 and 2, we 
noticed that y2 and 51 were evenly distributed over the two fractions, whereas fraction 2 was 
enriched for p1 (1.5x), 52 (1.6x), a3 (3.2x), and y3 (3.4x). The apparent link in the distributions of 
P1 and 52, and of a3 and y3 is particularly interesting, because p-5 dimers are known to exist in 
yeast as well as in mammals, and the presence of a-y dimers has been proposed (Belden and 
Barlowe, 1996; Gommel et al., 1999; Ciufo and Boyd, 2000; Emery et al., 2000). To determine 
the positions of the various secretory pathway compartments in our gradient, we used a number 
of antibodies. The ER marker protein PDI was found to be present in the higher-density fractions 
of the gradient (fractions 9 and 10), as well as the Golgi markers a-mannosidase, and a- and y- 
COP (fractions 7-10). When we used an antibody raised against components of the cis-Golgi 
compartments, we found immunostaining in all fractions of the gradient, but predominantly in 
fractions 9 and 10. Furthermore, the intermediate compartment marker protein p58 was
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Figure 5-1. Western b lot analysis o f subcellu lar 
fractions o f a Xenopus intermediate pituitary 
tissue homogenate separated on a self- 
generating density gradient. Following  
centrifugation, a sinuous iodixanol gradient was 
established ranging from 4%  in the top o f the 
tube (fraction 1) to 24%  in the bottom (fraction  
10). Immunostaining  was perform ed using 
antibodies ra ised against the Xenopus p24  
proteins a s, fa, 73, 8 1, and  52 (A), and the 
Xenopus cargo protein secretogranin III (B).
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detected in fractions 1-3. Thus, in the fractionation gradient, one pool of p24 proteins 
codistributed with ER- and Golgi membranes, while the other p24 pool comigrated with the 
intermediate compartment. These findings are in agreement with our previous results, in which 
we found that in biosynthetically active melanotropes the p24 proteins are localized in the ER- 
exit sites, the intermediate compartment and cis-Golgi (chapter 4). Interestingly, the 
melanotrope cargo protein secretogranin III (SgIII) was found in all fractions of the gradient, but 
in fractions 1 and 2 it was present almost exclusively as the 63/61-kDa precursor, whereas the 
other fractions also contained the various SgIII cleavage products (Figure 5-1B). Together, we 
conclude that the low-density fractions of the gradient may well represent a relatively 
homogenous population of p24-rich intermediate compartment membranes, in which the 
distributions of Pfl and 52, a3 and y3, and y2 and 5fl appear to be linked.
IMMUNOFLUORESCENCE LOCALIZATION OF p24 PROTEINS IN XENOPUS MELANOTROPE CELLS 
To further compare the subcellular localizations of the p24 proteins in the melanotrope cells, we 
performed immunofluorescence analysis on primary cultured melanotropes. The specificities of 
the affinity-purified antibodies we used were established by Western blot analysis (Figure 5-2). 
The rabbit anti-a3 antibody and the chicken anti-S2 antibody were found to be highly specific, in 
both cases recognizing a single band in the lysate of Xenopus NILs, and the rabbit anti-p,, anti- 
y3, and anti-S2 antibodies, as well as the chicken anti-y2 and anti-8, antibodies showed only 
minor cross-reactivity (in each case with a single protein >  40 kDa; Figure 5-2). Our colabeling 
studies revealed that the localizations of the p24 proteins displayed a considerable amount of 
overlap between the various members, with a complete colocalization between p, and 82 (Figure 
5-3). This was in agreement with our subcellular fractionation results, suggesting that the 
localizations of p, and 82 are coupled. Unfortunately, due to the fact that appropriate antibodies 
derived from different species were not available, we were unable to perform a3-y3 and y2-8, 
colabeling experiments.
Figure 5-2. S pecific ity o f the rabbit (Rb, left 
panel) and chicken (C h; right panel) polyclonal 
antibodies used fo r immunofluorescence double­
labeling experiments. Each lane  was loaded with 
a lysate o f neurointermediate lobes (N ILs) from  
black-adapted Xenopus. W estern b lo t analysis 
was perform ed with affinity-purified antibodies 
against the Xenopus p 24  proteins a 3, Y2, Y3, 5i, 
and  52; the anti-fa antibody was d irected against 
human p 2 4 p .
N-LINKED GLYCOSYLATION OF XENOPUS p24aa AND p24?3 
From amino acid sequence analysis, a single consensus site for N-linked glycosylation in 
Xenopus a3 (Asn88) y3 (Asn69), 5fl (Asn148), and 52 (Asn146) can be predicted, whereas only a3 
contained a potential O-linked glycosylation site (42Ser). We therefore analyzed which of the six 
p24 proteins expressed in the Xenopus melanotrope cells are actually glycosylated. We have 
already shown that both 5fl and 52 do not become N-linked glycosylated (Kuiper et al., 2000), 
probably because their potential sites are situated close to the transmembrane region. 
Treatment of NIL lysates with O-glycosidase and N-glycosidase F (NglycF) revealed that none 
of the p24 proteins are O-linked glycosylated, whereas only a3 and y3 contain N-linked glycosyl 
groups (Figure 5-4). Previous studies with HeLa cells have revealed that human p24a2 and 
p24y3, two members that were found in a p24 complex, are N-linked glycosylated, but that only 
y3, but not a2, obtained resistance to the endoglycosidase endoH (Fullekrug et al., 1999). Thus, 
in contrast to y3, a2 had not passed the medial- and trans-Golgi, pointing to a difference in 
distribution and/or cycling routes of the two proteins. Apparently, these human p24 proteins are 
disassembled during their passage through the Golgi complex. However, incubation of the NIL 
extracts with endoH revealed that both Xenopus a3 and y3 had obtained complete resistance to 
this enzyme (Figure 5-4). Thus, apparently, a difference in distribution and/or cycling routes of 
these p24 proteins as described in HeLa cells does not occur in the NIL of black-adapted
Figure 5-3. Double-immunofluorescence  
localization o f the p24  subfam ily members in 
melanotrope cells o f black-adapted Xenopus. A 
suspension o f melanotropes was seeded, 
cultured overnight, fixed and im munostained as 
described in Materials and Methods. Analysis 
was perform ed using confocal laser scanning 
microscopy. Bar, 5  ^ m . A co lor version o f this 
figure, including merged images, is presented on 
page 89 o f this thesis.
Xenopus. This finding is in agreement with our subcellular fractionation data, suggesting that the 
subcellular localizations of a 3 and y3 in the melanotrope cell are linked.
OLIGOMERIZATION OF p2482 UNDER NATIVE CONDITIONS 
The above finding of linked subcellular localizations of p24 proteins may be indicative of the 
presence of p24 heterodimers, and several recent studies have revealed that p24 proteins can 
form hetero-oligomeric complexes as well (Belden and Barlowe, 1996; Füllekrug et al., 1999; 
Ciufo and Boyd, 2000). In order to analyze the presence of any p24 complexes in Xenopus
C
ha
pt
er
 5
: 
Co
up
le
d 
lo
ca
liz
at
io
n 
an
d 
co
m
pl
ex
 
fo
rm
at
io
n 
of 
p2
4 
pr
ot
ei
ns
 
6
9
0 L
Figure 5-4. Glycosylation analysis o f the p24  
proteins a s, fa, Y2  Y& 81, and  82 from Xenopus 
neurointermediate lobes (NILs). NIL lysates were 
incubated with the deglycosylating enzymes O- 
glycosidase (O), N-glycosidase F  (F), or 
endoglycosidase H  (H), fo llow ed by SDS-PAG E  
and im munoblotting with the various p24  
antibodies.
pituitary tissues, we performed gel electrophoresis under native conditions in combination with 
Western blot analysis to determine the migration of the native p24 proteins. NIL lysates of 
black-adapted animals were subjected to native PAGE and 82 immunoblotting. The presence of 
0.1% SDS was required during lysis to enable efficient extraction of the p24 proteins from the 
cell membranes. Under these conditions, a single band corresponding to a protein complex of 
~160 kDa was detected, whereas no 82 appeared in its 22-kDa monomeric form (Figure 5-5). 
Much lower amounts of this complex were observed in lysates of the anterior lobe (AL), whereas 
no signal was detected in the analysis of the NIL of white animals (Figure 5-5). However, when 
the same samples were loaded on a denaturing gel (i.e. containing 0.1% SDS, identical to the 
conditions in the sample) no high-molecular complexes were found and all 82 proteins were 
present as monomers (data not shown). An explanation for this finding could be that this 
complex dissociates under the conditions of electrophoresis. Alternatively, the observed ~160 
kDa complex may not be a naturally occurring complex, but may have been formed during the 
migration through the stacking portion of the native gel. Nevertheless, this observation does 
reveal the potency of p2482 to form multimeric complexes. When antibodies against a3, P1, y2, 
y3, or 81 were used in the Western blot analysis of these native gels, no signals could be 
obtained. This suggests that because of the conformations of these p24 proteins under the 
conditions used in the experiment immunodetection was not allowed, which may be caused by 
the fact that these p24 proteins also form high-molecular complexes. Therefore, it is as yet 
unclear whether within the ~160 kDa protein complex other p24 proteins are represented as 
well. Together, these data indicate that 82 is able to form multimers under native conditions.
Figure 5-5. Xp248 2 is in a high-molecular 
complex on a native gel. Neurointermediate lobes 
(N ILs) and anterior lobes (A ls) o f b lack- and  
white-adapted toads were lysed in lysis buffer 
containing 0.1%  SDS. Lysates were boiled for 5 
minutes in native sample buffer and loaded on a 
5-20%  native polyacrylamide gel. Subsequently, 
W estern blotting  was perform ed using the 
affin ity-purified anti-8 2  antibody.
Figure 5-6. Cross-linking o f the Xp248 proteins 
in Xenopus neurointermediate lobes (NILs). NIL 
organelle homogenates were incubated with 1 % 
D M SO  (control), o r cross-linked with 0.25-1.0  
m M  dith iobis-succin im idyl propionate (DSP) or 
0.5-2 m M  d ithiobis-sulfosuccin im idyl propionate  
(DTSSP) for 3 0  m inutes a t 4 °C  or at 2CPC as 
indicated. A fter blocking (50  m M  glycine), 
samples were separated on 5-20%  gradient 
SDS-PAGE, and subjected to Western b lot 
analysis. Immunostaining  was perform ed using 
affin ity-purified antibodies against Xenopus $2 (A, 
B ) and  81 (C). Long (A) and  short (B ) exposures 
o f the 8 2  im m unoblo t reveal a num ber o f cross­
linked  products, in  contrast to the findings for 81
(C).
IDENTIFICATION OF p24S COMPLEXES IN XENOPUS MELANOTROPES 
A cross-linking approach was used to analyze the presence of physiologically significant p24 
complexes in Xenopus melanotrope cells. Analysis of the cross-linked proteins under the 
stringent conditions of normal SDS-PAGE followed by Western blot analysis would allow 
identification of these p24 complexes. NILs of black toads were homogenized such that the 
organelles would stay intact (see Materials and Methods). Then, cross-linking was performed 
under variable conditions using two different reagents, namely the membrane-permeable cross­
linker DSP and the membrane-impermeable cross-linker DTSSP. Western blot analysis of the
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various samples with the anti-82 antibody revealed that the addition of DSP led to a slight 
decrease of the monomeric form of 82 and the appearance of an ~50 kDa doublet (Figure 5-6A, 
lanes 2 and 3). When the reaction was performed at 20°C instead of 4°C, an additional, slightly 
larger band appeared (~55 kDa; Figure 5-6A, lane 4). Longer exposures revealed the presence 
of a number of high-molecular products, including an ~80 kDa product in the reaction 
performed at 4°C, and a product with a size of ~150 kDa in the 20°C-reaction (Figure 5-6B, 
lanes 2-4). The use of the membrane-impermeable cross-linker DTSSP resulted in a more 
drastic decrease of the monomeric form of 82, particularly when higher concentrations were 
used, whereas this did not result in the appearance of more high-molecular weight products 
(Figure 5-6A, lanes 5 and 6). This finding suggests that strong cross-linking prevents 
immunodetection of the formed complexes. The high-molecular weight products that could be 
detected using DTSSP comigrated with those that were formed after DSP cross-linking, 
suggesting that the reaction temperature rather than the type of cross-linker determined which 
products were formed (Figure 5-6B, lanes 4 and 5). Western blot analysis using the affinity- 
purified anti-8, antibody revealed only a low amount of 8,-containing complexes, including two 
products of ~50 and ~55 kDa, and an additional, very weak ~150 kDa product, which was 
observed in the reactions that took place at 20°C (Figure 5-6C). However, these high-molecular 
products where clearly less pronounced that those containing 82, and also the decrease in the 
amount of the monomeric form of 81 after cross-linking was not as obvious as that in the case of 
82. Therefore, we conclude that in biosynthetically active Xenopus melanotrope cells, 82 is much 
more involved in the formation of multimeric complexes than 8V
The p24 proteins have been proposed to act as cargo receptors, and the differential regulation 
of 81 and 82 in the melanotropes may indicate that 82 has a role as cargo receptor for the 
prohormone POMC (chapter 2; Kuiper et al., 2000). To study whether POMC is associated 
with a 82 complex, we performed Western blot analysis on the cross-linked NIL proteins using 
the POMC antibody ST62, which specifically recognizes the precursor form of POMC and none 
of its cleavage products (Berghs et al., 1997; chapter 4). Immunostaining of POMC was found 
for a number of products with sizes corresponding to the monomeric, dimeric and multimeric 
forms of the prohormone, but no POMC-immunoreactivity was detected in products that were 
immunolabeled by 82 (data not shown). This finding indicates that POMC molecules have a 
tendency to form multimers/aggregates, as reported for other prohormones and regulated 
secretory proteins (Gerdes et al., 1989; Chanat and Huttner, 1991; Colomer et al., 1994; 
Shennan et al., 1994).
DISCUSSION
In this study, we have analyzed the subcellular localization of six members of the p24 family that 
are expressed in Xenopus melanotrope cells. Our data indicate that these p24 proteins 
colocalize in the ER and Golgi regions, but that in the intermediate compartment minor 
differences in the localizations of the various members occur. In fact, in this latter compartment 
the p24 proteins seemed to be distributed in pairs formed by a3 and y3, P1 and 82, and y2 and 8V 
Interestingly, the members of two of these pairs, namely a3-y3 and Pfl-82, were found to be 
coordinately expressed with the prohormone POMC, and thus are likely to be directly involved in 
the transport of this prohormone. Furthermore, a number of studies have revealed that p-8 
dimers (and perhaps also a-y dimers) exist in both yeast and human (Belden and Barlowe,
1996; Gommel et al., 1999; Ciufo and Boyd, 2000), and that these interactions seem to be 
required for proper trafficking of p24 proteins (Dominguez et al., 1998; Emery et al., 2000). 
Therefore, the explanation for our findings may be that the four p24 members that are found to 
be coordinately expressed with POMC in the melanotrope cells may cycle as dimers of a3-y3 
and Pfl-82 through the early secretory pathway, and are as such involved in the transport of this 
prohormone. Essential for heteromeric p24 interactions are the heptad repeat regions in the 
membrane-facing lumenal domain of many of the p24 proteins, which are likely to participate in 
coiled-coil interactions (Stamnes et al., 1995; Blum et al., 1996; Dominguez et al., 1998; Ciufo 
and Boyd, 2000; Emery et al., 2000;). Indeed, heptad repeats with high probability for coiled- 
coil structures were predicted in the Xenopus a3, P^ and 8 proteins, although no coiled-coil 
structures seem to be present in y2 and y3 (Figure 5-7). The various members of the human p24 
family have similar characteristics (data not shown). Since the heptad repeat regions in 81 and 
82 are highly conserved and lead to similar probabilities for the formation of coiled-coils (Figure
5-7), it is possible that, in addition to Pfl-82, also pi -81 complexes are formed in the
Figure 5-7. C oiled-coil probabilities o f the 
Xenopus p 24  proteins a s, fa, Y2, Y& 81, and  82 that 
are expressed in the melanotrope cells. 
Probabilities were determ ined according to 
Lupas et a l (1991).
melanotrope cells. Such ß1-81 p24 complexes have been identified previously in human 
(Gommel et al., 1999). In a similar way, y2 might compete with y3 to interact with a3. The fact 
that y2 and S1 are not coordinately expressed with the prohormone POMC would suggest that 
such putative a3-y2- and ß1-81 dimers would be involved in the transport of proteins other than 
POMC, and the dynamics in dimerization may provide the mechanism by which a cell deals with 
different types of cargo. However, the expression levels of y2 and S1 in the active melanotropes 
are much lower than those of the members that are coexpressed with POMC (e.g. S1 steady- 
state levels are at least 10 times lower than those of S2), and the dynamics of cycling in the early 
secretory pathway might be different from that of the coregulated members. This may explain 
why the subcellular localizations of S1 and y2 do not correspond to those of ß1 and a3, 
respectively.
Our native gel electrophoretic and cross-linking experiments revealed that p24S2 participates in 
a number of complexes in the melanotrope cells. One of these complexes was identified as the 
only S2-immunoreactive product on a native gel, and had a size of ~160 kDa. Although the 
physiological relevance of this complex is still unclear, its abundant presence and distinct size 
are remarkable, and illustrate that S2, perhaps in combination with other p24 proteins, could 
form specific oligomeric structures. Using cross-linking analysis, we found a number of other 82- 
containing complexes, of which the molecular weights suggest the presence of p24 dimers 
(~50 kDa), -tetramers (~80 kDa), and -octamers (~150 kDa). Other studies have shown that 
p24 proteins can form large hetero-oligomeric complexes that contain a single member of each 
of the four subfamilies (a, ß, y  8; Dominguez et al., 1998; Füllekrug et al., 1999; Marzioch et al., 
1999). Therefore, we assume that the coexpressed members in the melanotrope cells (a3, ß1, y3, 
and 82) may also form hetero-oligomers, from which the two non-regulated members (y2 and 81) 
are excluded. Unfortunately, the exact composition of the complexes we observed could not be 
established, because we did not detect a3, ß1, or y3 in these complexes. However, in this 
respect it was interesting to note that in clear contrast to 82, the non-regulated p2481 could 
hardly be found in such high molecular complexes, but was mainly detected as a monomer. 
Therefore, the p24 proteins that are coordinately expressed with POMC may form p24 
complexes more easily than the members that are not coexpressed.
Together, our findings have provided insight into p24 complex formation in the Xenopus 
melanotrope cells. The oligomeric p24 complexes contain 82 and possibly also the other 
coexpressed members a3, ß1, and y3, but the non-regulated p2481 is excluded. Furthermore, we 
obtained evidence that p24 dimers seem to occur in the intermediate compartment. These 
results thus suggest that during POMC export out of the ER, the melanotrope p24 proteins a3, 
ß1, y3, and 82 assemble into hetero-oligomers that, upon entering the intermediate compartment, 
disassemble into ß1-82 and a3-y3 pairs. Why the dimers would spatially segregate in the 
intermediate compartment is less clear, but may be related to the different affinities the p24 
proteins appear to have for subunits of the COPI complex (Fiedler et al., 1996; Dominguez et 
al., 1998), and differences in the roles p24 proteins are thought to play. For example, human 
p24ß1 has been demonstrated to specifically control COPI coat assembly (Goldberg, 2000).
In conclusion, our data indicate that a3-y3 and ß1-82 dimers occur in the intermediate 
compartment of Xenopus melanotrope cells. During certain stages of their cycling in the early
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secretory pathway, these two dimers may further assemble into tetra- and oligomers. Further 
analysis of the composition of p24 complexes is required to better understand the mechanism 
underlying p24 functioning.
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Chapter 5: Coupled localization and complex formation of p24 proteins
oN
General Discussion
7
7
8 L
Export of secretory proteins out of the endoplasmic reticulum (ER) is a crucial step in protein 
biosynthesis and involves processes such as quality control of newly synthesized proteins, 
retention and retrieval of ER resident proteins, and selective packaging of cargo into transport 
vesicles. Extensive research on the compartments of the ER-Golgi interface has revealed many 
components that are involved in these processes, including members of the p24 family 
(Stamnes et al., 1995). These type-I transmembrane proteins have been found abundantly in 
COPI- and COPII-coated vesicles, and can be subdivided into four subfamilies (p24a, -p, -y 
and 8; (Schimmoller et al., 1995; Stamnes et al., 1995; Belden and Barlowe, 1996; Dominguez 
et al., 1998). It has become increasingly clear that the p24 proteins play an important role in ER- 
to-Golgi transport (Schimmoller et al., 1995; Rothman and Wieland, 1996), acting either as a 
structural component of the transport machinery (Sohn et al., 1996; Nickel et al., 1997; Nickel 
and Wieland, 1997; Majoul et al., 1998; Lavoie et al., 1999; Rojo et al., 2000), or by providing 
cargo selectivity during vesicular transport (Schimmoller et al., 1995; Wen and Greenwald, 
1999; Kaiser, 2000). This thesis describes the isolation and characterization of the members of 
the p24 family that are expressed in a model system of biosynthetically active and inactive 
secretory cells, namely the proopiomelanocortin (POMC)-producing melanotrope cells of the 
intermediate pituitary of Xenopus laevis. In these cells, the expression levels of POMC can be 
physiologically manipulated by changing the background color of the animal. On a black 
background, the melanotrope cells are biosynthetically highly active and POMC is expressed at 
very high levels, whereas on a white background the cells are virtually inactive. By analyzing the 
expression and localization of the various p24 members in the melanotropes of black- and 
white-adapted Xenopus, we could reveal a number of interesting aspects that provide more 
insight into the functioning of these proteins.
D IF F E R E N T IA L  E X P R E S S IO N  O F  p2 4  S U B F A M IL Y  M E M B E R S  IN X E N O P U S
M E L A N O T R O P E S
A differential screening approach, designed to identify genes that are coordinately expressed 
with the POMC gene in Xenopus melanotrope cells and whose products could thus be 
associated with the specialized secretory function of a neuroendocrine cell, resulted in the 
isolation of the first Xenopus p24 family member (Holthuis et al., 1995b) that we later named 
Xp2482 (Kuiper et al., 2000). When the animal is placed on a black background and the 
melanotropes become active, the expression of the 82 gene is increased ~15-fold. Subsequent 
screenings of various Xenopus cDNA libraries revealed six additional members with 
representatives in all four p24 subfamilies (Xp24a3, -p,, -y,, -y2, y3, and -8,; chapters 2 and 3). 
The existence of another member of the Xenopus a  subfamily, Xp24a2, appeared from recently 
performed database searches. All members showed the structural characteristics that are 
common to p24 proteins, namely the presence of two cysteine residues in the lumenal domain 
that are considered to form a disulfide bridge, a transmembrane region, and a short cytoplasmic 
tail that contains motifs involved in coat binding. Of the eight Xenopus p24 proteins identified, 
the subfamily members Xp24a2 and Xp24y1 were not expressed in the intermediate pituitary of 
Xenopus (chapter 3), which indicates that the p24 proteins can display tissue-specific 
expression patterns. This finding also points to the possible existence of more p24 members in 
specialized tissues, including members of the p- and 8 subfamilies. The remaining six members 
that were identified, namely a3, p1, y2, y3, 81, and 82, revealed no tissue-specific expression 
pattern and were all expressed in the melanotrope cells. However, the degree of regulation of 
p24 expression that was observed when POMC biosynthesis was induced in these 
melanotropes was not the same for the six p24 proteins. Four of the melanotrope p24 members 
(a3, p1, y3, and 82) were highly upregulated (both at the RNA- and protein level) upon 
biosynthetic activation of the melanotrope cells, whereas the expression levels of y2 and 81 had 
hardly changed. Thus, a representative of each of the four p24 subfamilies is specifically 
associated with melanotrope cell activation and is coregulated with POMC, whereas the 
expression of the other two p24 members of the y and 8 subfamilies were expressed 
independently of POMC. This finding provides evidence that the p24 proteins have a role in 
cargo-selective transport with the upregulated members being involved in the transport of 
POMC through the early stages of the secretory pathway.
TH E  D Y N A M IC S  O F  p2 4  L O C A L IZ A T IO N
In the melanotrope cells, not only the expression levels, but also the subcellular localizations of
the p24 proteins were found to be dependent on the biosynthetic activity of the cells. In the 
inactive melanotropes of white-adapted Xenopus, the steady state localization of all members 
was found to be in the cis-Golgi compartment, similar to the situation in the moderately active 
anterior pituitary cells. Upon biosynthetic activation of the melanotropes, the p24 proteins 
showed a much broader distribution, including cis-Golgi, intermediate compartment, and ER 
subdomains (chapter 4). Moreover, in the active melanotropes, large amounts of POMC 
seemed to be present in the ER, and blocking of protein biosynthesis in these active cells led to 
an immediate redistribution of the p24 proteins from ER and intermediate compartment towards 
the Golgi compartments. Therefore, the changes in p24 distribution during biosynthetic 
activation of the melanotropes were directly related to cargo biosynthesis and not caused by the 
enormous increase in early secretory pathway compartments that is known to occur when these 
cells become active (chapter 4). Finally, although the above observations deal with steady-state 
distributions, the p24 proteins were found to be actively cycling in the early secretory pathway 
(chapter 4; Nickel et al., 1997; Blum et al., 1999; Füllekrug et al., 1999). The interpretation of 
our results should thus be that in the biosynthetically active melanotropes the high amounts of 
cargo that need to be transported from ER to Golgi-complex (i.e. predominantly POMC) cause 
a change in the dynamics of p24 cycling, resulting in an increased presence of p24 molecules 
in pre-Golgi compartments. Apparently, this change in dynamics is not restricted to the 
members that are coordinately expressed with POMC, but applies to all p24 proteins in the 
melanotrope cells. An explanation for this finding may be that a strong demand is made on the 
folding machinery and the selection of any cargo that needs to be transported out of the ER is 
more time consuming in the biosynthetically highly active melanotropes than in inactive 
melanotropes. The high activity of vesicular transport in the active cells may even lead to 
efficient p24 recycling from the intermediate compartment to the ER before these proteins 
reach the cis-Golgi.
C O M P L E X  F R O M A T IO N  O F  p2 4  P R O T E IN S
Many p24 proteins have a membrane-proximal heptad repeat region with a predicted propensity 
to form coiled-coils, which is likely to be involved in the formation of multimeric complexes with 
other p24 proteins (Belden and Barlowe, 1996; Ciufo and Boyd, 2000). In fact, a number of 
studies have now revealed that p24 proteins can form hetero-oligomeric complexes in which a 
single member of each subfamily is represented, and thus that other subfamily members are 
excluded (Füllekrug et al., 1999; Marzioch et al., 1999). In addition, several studies have 
indicated that ß-S dimers exist and the occurrence of a-y dimers has been proposed as well 
(Belden and Barlowe, 1996; Gommel et al., 1999; Ciufo and Boyd, 2000; Emery et al., 2000). 
On the basis of these findings, it was postulated that p24 heterotetramers and oligomers are 
formed through the assembly of p24 heterodimers (Ciufo and Boyd, 2000). Our findings with 
respect to complex formation of p24 proteins in Xenopus melanotrope cells are described in 
chapter 5 and provide evidence for the presence of both dimeric and multimeric p24 
complexes. The differential expression of the various p24 family members suggests that in 
Xenopus melanotrope cells a3, ß,, y3, and S2 may form a hetero-oligomeric complex, thereby 
excluding the members y2 and Sv The cross-linking studies on melanotrope homogenates 
indeed revealed that S2 participates in a number of protein-protein interactions, resulting in 
complexes that could represent p24 dimers, -tetramers, and -octamers. Our localization studies 
indicated the existence of a3-y3 and ßfl-S2 dimers in Xenopus melanotropes, since the migration 
of these p24 pairs on the subcellular fractionation gradient appeared to be coupled in the 
region of the gradient corresponding to the intermediate compartment. Together, these findings 
suggest that the cycling of p24 proteins through the early secretory pathway is accompanied by 
a continuous assembly and disassembly of p24 proteins, whereby heterodimers are 
predominantly found in the intermediate compartment. Given the fact that p24 proteins are 
major constituents of two types of ER-Golgi transport vesicles, and their cytoplasmic tails 
interact with and nucleate the assembly of both COPI and COPII vesicle coats (Fiedler et al., 
1996; Dominguez et al., 1998; Kuehn et al., 1998; Bremser et al., 1999), the p24 proteins may 
have two sites of action, namely the intermediate/cis-Golgi compartments, where COPI vesicles 
are formed, and the ER exit sites, which generate COPII-coated vesicles. With dimers occurring 
in the intermediate compartment, it is therefore likely that the p24 heterotetramers and - 
octamers can be found on the ER membrane. Thus, it appears that p24 heterodimers occur in 
the intermediate (and cis-Golgi) compartment, whereas the p24 heterotetramers (and multimers
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thereof) represent the ER-localized forms of p24 proteins. Interestingly, such a model brings up 
a possible explanation for how p24 proteins distinguish between the two vesicle coats (COPI 
and COPII), while their cytoplasmic tails are capable of assembling both. One could envision 
that the multimeric state of the p24 proteins determines coat binding. The p24 heterotetramers 
that reside in the ER would then have a strong affinity for COPII subunits and thereby initiate the 
formation of COPII-coated vesicles. In contrast, in the dimeric state that occurs in the 
intermediate compartment (and likely also the Golgi complex) the p24 proteins have lost this 
ability to assemble COPII, but specifically bind COPI subunits instead, leading to the formation 
of COPI-coated retrograde vesicles that recycle the heterodimers from the intermediate- and 
Golgi compartments back to the ER. Subsequently, these heterodimers may than again 
oligomerize in the presence of cargo molecules in ER exit sites.
If the p24 subfamily members a3, P,, y3, and S2 are indeed capable of forming large oligomeric 
structures, thereby excluding the members y2 and 5,, this may lead to a segregation of p24 
members in the melanotrope ER membrane. As such, there might exist ER exit site regions that, 
for the y and 5 subfamilies, are relatively enriched in y2 and/or 5,, whereas other regions contain 
predominantly y3 and 52. Since in the melanotrope cells, the subfamily members a3 and P, 
represent the only members within their subfamilies, they would be evenly distributed over the 
ER membrane. The expression levels of y3 and 52 in the biosynthetically active melanotropes are 
at least 10 times higher than those of y2 and 5,, and therefore the y3/52-enriched membrane 
regions, and thus also the a3-p,-y3-52 tetrameric complexes, are likely to be much more 
abundant. Our cross-linking studies also suggested that 5, has a lower tendency to assemble 
into heteromeric complexes. The heptad repeat regions and probabilities for the formation of 
coiled-coils are nearly identical for 5, and 52 (chapter 5), and thus it is likely that in principle both 
p24 proteins are able to participate in a Xenopus p24 heteromeric complex. Since we found no 
differences in the subcellular localizations of 5, and 52 and the relative distribution over the 
various compartments thus appears to be similar, other factors seem to play a role in p24 
multimerization as well. Possibly, complex formation is influenced by other (transmembrane) 
proteins that also need to be packaged in transport vesicles (e.g. cargo proteins or v-SNAREs). 
Furthermore, oligomerization of heterotetramers and/or the assembly of COPII coat subunits 
may stabilize the tetrameric complex, making the stability of p24 tetramers dependent on the 
local p24 concentrations, which are high for the coexpressed members and relatively low for the 
non-regulated members. With respect to p24 heterodimerization, we noticed that the propensity 
for the formation of coiled-coils in the heptad repeat regions of Xenopus and human p24 
sequences is similar and in both species the p24y subfamily members have very low 
probabilities to form these structures (chapter 5). Therefore, the p-5 dimers may be more stable 
and are less likely to further disassemble into monomers than the a-y dimers. If and to what 
extent p24 monomers occur in the ER-Golgi region is not clear.
Together, our observations lead us to propose a model for p24 routing and complex formation 
in the ER-Golgi region of the melanotrope cells (Figure 6-,). In the melanotropes of white- 
adapted Xenopus, the p24 family members reside in the cis-Golgi compartment and they are 
hardly cycling. In the melanotropes of black-adapted Xenopus, in which the secretory pathway is 
completely devoted to the biosynthesis, transport and processing of high levels of POMC, four 
of the six p24 proteins that are expressed in the melanotropes (a3, P,, y3, and 52) are highly 
upregulated. Their levels of expression have become at least ,0-fold higher than those of the 
non-regulated members y2 and 5,. In the ER exit sites, where large amounts of POMC cargo 
need to be exported, the coexpressed members form tetrameric complexes that assemble into 
larger oligomers, and thereby facilitate the assembly of COPII subunits on the cytoplasmic p24 
tails leading to the formation of COPII-coated vesicles. When these ER-derived vesicles fuse to 
form the intermediate compartment and are transported towards the cis-Golgi network, cargo is 
released, while the p24 proteins disassemble into p24 dimers of a3-y3 and P,-52 that bind COPI, 
and are targeted in the COPI-coated vesicles back to the ER. Considering the differences in 
subcellular localizations, these p24 dimers seem to be slightly segregated in the intermediate- 
and cis-Golgi compartment, suggesting that they may be retrieved partially in different vesicles. 
An explanation for this segregation could be that the various p24 proteins have different 
affinities for COPI subunits (Fiedler et al., ,996; Dominguez et al., 'I998), and are therefore 
incorporated into COPI-coated vesicles with different dynamics. The high cycling rate in the ER- 
Golgi region of active melanotropes leads to a change in subcellular distribution of the p24 
proteins towards pre-Golgi compartments when compared to the situation in inactive
Figure 6-1. Schematic representation o f p24  expression, localization, and complex formation in the Golgi-region o f melanotropes o f 
white- and black-adapted Xenopus laevis. Melanotrope cells o f white toads are b iosynthetically inactive, have lo w  amounts o f 
endoplasmic reticulum (ER)- and G olgi membranes, and the localizations o f the six melanotrope p 24  proteins are restricted to the 
G olgi complex. In b iosynthetically active melanotropes, the p24  proteins have a broader distribution ranging from cis-G olg i to ER. The 
p24 members a 3, pi,, y, and 52 are h igh ly upregulated in these cells and form various heteromeric complexes, o f which the 
heterotetramers are like ly to be the predom inant form in the ER exit sites, and the heterodimers seem to occur in the intermediate  
compartment (IC ) and cis-Golgi. Furthermore, the heterotetramers may b ind  COPII-subunits via their cytoplasmic tails, initia ting the 
formation o f ER-derived vesicles, whereas heterodimers may have specific affin ity for COPI-subunits and form retrograde CO PI- 
coated vesicles.
melanotropes of white-adapted Xenopus. Since no difference was observed between the 
subcellular distributions of the coexpressed members a3, P,, y3, and 52, and those of the non­
regulated members y2 and 5,, all p24 proteins expressed in the melanotrope cells seem to show 
identical cycling patterns in the ER-Golgi region. Furthermore, y2 and 5, may be part of similar 
p24 complexes as the coexpressed members y3 and 52 (e.g. a3-y2 and P,-5, dimers that can 
further assemble into tetra- and oligomers), but the extent of complex formation seems to be 
lower for these members. In conclusion, the p24 proteins of the melanotrope cells drive both 
COPI- and COPII-mediated vesicular traffic in the early secretory pathway, whereby the relative 
levels of expression of the various p24 proteins and the extent of heteromeric complex formation 
determines which kind of coated vesicles are made.
TH E  R O LE O F  p2 4  P R O T E IN S  IN X E N O P U S  M E L A N O T R O P E S
The analysis of the expression, subcellular distribution, and complex formation of members of 
the p24 family in Xenopus melanotropes has led to a better understanding of p24 functioning. 
The differential expression and specificity of complex formation of p24 subfamily members 
indicates that p24 proteins have a role in selective protein transport in the early secretory 
pathway, with the regulated members a3, P,, y3, and 52 being specifically involved in the 
transport of POMC. However, the precise role p24 proteins play in this selective cargo 
transport is still unclear. In yeast, the four p24 members that form a complex, namely Erp,p 
(yeast p24a), Emp24p (yp24P), Erp2p (yp24y), and Erv25p (yp245), cause selective defects in 
the transport of G as,p (Schimmoller et al., ,995 ; Belden and Barlowe, ,996 ; Elrod-Erickson 
and Kaiser, ,996 ; Marzioch et al., ,999), and a recent study revealed that Emp24p and Erv25p 
can be directly cross-linked to G as,p in ER-derived vesicles (Muniz et al., 2000). These 
findings are consistent with the hypothesis that the above yeast tetrameric complex plays a role 
as a cargo receptor in ER-Golgi transport. Furthermore, studies in yeast and Caenorhabditis
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elegans have revealed that mutations in p24 proteins can cause the secretion of ER resident 
proteins and misfolded or mutant cargo proteins, which would be in favor of a role for the p24 
proteins in a quality control mechanism (Elrod-Erickson and Kaiser, ,996; Marzioch et al., ,999; 
Wen and Greenwald, ,999). For the role of p24 proteins in selective cargo transport, three 
models can be envisaged. In the first model, tetrameric p24 complexes would act as cargo 
receptors in ER-to-Golgi transport, and in the Xenopus melanotrope cells the a3-P,-y3-52 
tetramer would act as a cargo receptor for POMC (Figure 6-2A). The assembly of p24 
tetramers into large hetero-oligomeric p24 complexes may result in p24-enriched regions in the 
ER that, by interacting with coat subunits, drive the formation of vesicles. In these vesicles, only 
proteins that bind to the vesicular p24 complex are packaged, giving rise to cargo-selective ER 
exit. In a similar way, the non-regulated members y2 and 5, could form tetrameric complexes that 
bind to another subset of cargo molecules. The ER-derived vesicles subsequently fuse to form 
the intermediate compartment/cis-Golgi from which the p24 proteins are retrieved as 
heterodimers while the cargo molecules follow their way through the Golgi complex. An 
additional implication of this model could be that p24 proteins contribute to the quality control 
of proteins that leave the ER in that their inability to recognize misfolded cargo would prevent 
inclusion of such cargo into COPII-coated vesicles. Similarly, ER resident proteins could also be 
excluded from ER exit. Another possible role of the p24 proteins in the melanotrope cells could 
be that they act in retrograde rather than in anterograde transport. In such a model, the p24 
members may again function in a quality control mechanism, but now they would display affinity 
for misfolded proteins (Figure 6-2B). Thus, during anterograde transport from the intermediate 
compartment to the Golgi complex, p24 dimers may interact with the misfolded portion of 
POMC molecules, segregating them from the correctly folded part and facilitate their packaging 
into COPI-coated retrograde vesicles that are targeted back to the ER. Finally, in the third 
model, instead of interacting with cargo molecules, the p24 proteins would be required for the 
retrieval of proteins that have functioned as helper proteins in the first stages of cargo 
biosynthesis (Figure 6-2C). However, an accessory protein with a role during the biosynthesis 
of POMC has not been identified yet.
Our attempts to distinguish between the three models have thus far been unsuccessful. Cross­
linking studies on radioactively labeled melanotrope cell lysates could not reveal complexes 
between newly-synthesized POMC and p24 proteins (unpublished observations). Also, in non­
labeled melanotrope homogenates that contain intact organelles, we found no indications for 
the presence of complexes between POMC and the Xenopus p24 proteins (chapter 5). 
Although these observations may indicate that such complexes do not exist, our inability to 
show POMC-p24 interactions could have technical reasons. For example, only a small fraction 
of the POMC molecules that are present in the melanotrope cells might be located in the 
compartment where an interaction between POMC and p24 actually takes place (likely the ER 
exit sites), since the majority of POMC molecules has been localized to p24-negative ER 
fractions (chapter 4). Moreover, p24 and POMC may interact with low affinity and in a 
continuous on-and-off manner, since such a mechanism of p24-mediated cargo inclusion would 
allow a wide range of cargo molecules to be bound by a limited set of p24 proteins. Multiple 
cotransfection studies using sets of p24 subfamily members or mutants thereof and POMC, 
designed to reveal a putative effect of the p24 proteins on POMC transport, have also been 
unsuccessful (G. Bouw, R. P. Kuiper, and G. J. M. Martens, unpublished results), probably 
because of difficulties to accomplish correct ratios of expression levels between the p24 
members, which is required to obtain normal p24 functioning (Dominguez et al., ,998 ; Fullekrug 
et al., ,999; Emery et al., 2000).
In conclusion, the results in this thesis have provided evidence for a role of the p24 proteins in 
selective cargo transport between ER and Golgi complex. While changing their 
heteromultimeric state, the p24 proteins seem to drive the formation of both COPI- and COPII- 
coated transport vesicles.
P E R S P E C T IV E S  A N D  F U T U R E  R E S E A R C H
During the past few years, significant progress has been made in unraveling the role of the p24 
proteins in intracellular protein transport. However, a number of questions remain. For instance, 
the role of p24 complex formation in the functioning of p24 proteins is still poorly understood. 
Multimeric complexes of p24 have been shown to exist in yeast and mammals, but the 
functional relevance was unclear (Belden and Barlowe, ,996; Fullekrug et al., ,999; Marzioch
et al., ,999). Our study on p24 multimers in Xenopus melanotropes (chapter 5) provided 
indications that the multimeric state of p24 proteins could be an important controlling factor in 
the vesicular transport machinery between ER and Golgi, but clear evidence for this hypothesis 
is lacking. Furthermore, the precise role of p24 proteins in selective protein transport has not 
been proven, although recent data have made the cargo receptor hypothesis the most attractive 
alternative (Muniz et al., 2000). Our model system of Xenopus laevis melanotrope cells provides 
good opportunities to answer the questions concerning p24 functioning, because these cells 
have an inducible transport machinery and are devoted to the biosynthesis, transport, and 
processing of a single protein as their major cargo. Moreover, all p24 proteins that are 
expressed in the melanotrope cells are known and antibodies directed towards these proteins 
are available.
To obtain more insight into p24 complex formation, the compositions of the p24 multimers that 
we observed in the biosynthetically active melanotrope cells need to be further analyzed and 
could be compared with p24 complexes in less active anterior pituitary cells and inactive 
melanotropes. In addition, analysis of p24 complexes on subcellular fractionation gradients may 
clarify whether the tetrameric form consisting of a3, P,, y3, and 52 indeed represents the major 
complex in the ER, whereas heterodimers occur in the intermediate and (cis)-Golgi 
compartments. Our model on p24 trafficking and complex formation (Figure 6 -,) predicts that 
different COPII-coated vesicles could be formed at the ER membrane, suggesting cargo sorting 
in the ER. Such a model would be in agreement with recently obtained evidence in yeast 
demonstrating that GPI-anchored proteins and other secretory proteins exit the ER in distinct 
vesicles (Muniz et al., 200,). The major portion of ER-derived vesicles would contain a3-P,-y3-52 
tetramers and transport POMC to the Golgi complex, whereas in other ER-derived vesicles, the 
p24 tetramers would include y2 and/or 5, instead of y3 and 52, and would harbor cargo proteins 
other than POMC. Attempts to purify ER-derived transport vesicles are now undertaken in our 
laboratory, and these studies may reveal whether different vesicles indeed exist. Their existence 
would provide further evidence for cargo selection during ER exit and a role of the p24 proteins 
as cargo receptors, pointing to the ER as a presorting station that precedes the sorting known 
to occur in the trans-Golgi Network (TGN). Such a mechanism would require that ER-derived 
vesicles do not intermix in the Golgi complex, but remain in separated Golgi cisternae during 
their way to the TGN. Since in such a case only one round of selective packaging in transport 
vesicles is required (Kuiper and Martens, 2000), the model of cisternal maturation, and not the 
alternative vesicular transport model, would provide this prerequisite. Assuming the cisternal 
maturation model, POMC-containing ER-derived vesicles may fuse to form the intermediate 
compartment within or close to the ER exit sites that are selectively involved in POMC transport 
and are spatially separated from ER exit sites devoted to the transport of cargo other than 
POMC. The POMC-containing intermediate compartments are then transported to the Golgi 
complex where they mature to form the TGN that subsequently dissolves in various 
components, including POMC-containing immature secretory granules.
Isolated vesicles or pure gradient fractions could be used to show an interaction between 
Xenopus p24 proteins and POMC, since a similar approach was successful for demonstrating 
an interaction between yeast p24 proteins and the cargo protein G as,p (Muniz et al., 2000). In 
vivo manipulation of p24 expression may be a good alternative to test the cargo receptor 
hypothesis. In yeast, where the generation of knock-outs is a relatively simple procedure, p24 
deletion mutants showed only minor effects on cargo transport (Schimmoller et al., ,995; 
Belden and Barlowe, ,996; Marzioch et al., ,999), and mutants lacking all eight p24 proteins 
showed that they are not essential for growth and cargo transport (Springer et al., 2000). On 
the other hand, deletion of a single member of the p24 family (mp245,) in mouse caused death 
at an early embryonic stage (Denzel et al., 2000). This finding clearly demonstrates the 
importance of p24 proteins in embryonic development of higher eukaryotes, but also illustrates 
the limitations of such an approach. Interestingly, in the last years it has become possible to 
overexpress genes in vivo in Xenopus laevis by using a transgenesis technique (Kroll and 
Amaya, ,996). In our laboratory, this technique is now applied successfully and has resulted in 
pituitary-specific expression of a gene encoding green fluorescent protein (GFP; E. J. R. Jansen, 
T. M. Holling, F. van Herp, and G.J.M. Martens, manuscript in preparation). Moreover, a newly 
discovered mechanism in eukaryotic cells to silence gene expression (termed RNA interference; 
Fire et al., ,998; Carthew, 200 ,; Hammond et al., 200,) can be efficiently used to down 
regulate the expression of target genes in Xenopus (Nakano et al., 2000; Lau et al., 200,).
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F igure 6-2. Three putative models for the role o f p24  proteins in the early secretory pathway. (A) p24  as a cargo receptor. A t the 
endoplasmic reticulum (ER) lumenal site, p24  proteins b ind  correctly fo lded cargo, while acting as a CO P II b ind ing protein a t the 
cytoplasmic site. In this way, a specific subset o f cargo is packaged into CO PII-coated vesicles, while another subset o r m isfo lded  
proteins are excluded. A fter delivering the cargo to the intermediate compartment (IC ) and cis-Golgi, p24  proteins b ind  CO PI and are 
retrieved to the ER. (B) p 24  as a retriever o f m isfo lded proteins. M isfo lded cargo that le ft the ER in CO PII-coated vesicles is segregated  
from correctly folded cargo, and selectively targeted back to the ER by p24  proteins in retrograde CO PI-coated vesicles. (C ) p24  as a 
retriever o f cargo helper proteins. In this model, putative cargo helper proteins assist cargo during ER exit. The p24  proteins are 
responsible for the retrieval o f these helper proteins from the IC /cis-G o lg i to the ER in CO PI-coated vesicles.
Combining the Xenopus transgenesis technique with RNA interference has led to promising 
results (R. Dirks, personal communications). By down regulating the expression of one of the 
p24 members in the intermediate pituitary, the effect on the localization and complex formation 
of the other p24 proteins, as well as effects on POMC transport could be studied in vivo. A 
defect in POMC transport may even lead to a disturbance in the ability of a transgenic Xenopus 
to adapt the skin color to the background, a phenotype that can be easily identified and would 
become apparent already during early stages of development.
In conclusion, the Xenopus melanotrope cells have proven to be a useful model system for 
studying p24 functioning and provide a powerful tool to reveal the precise function of these 
interesting proteins in the future.
Chapter 6: General Discussion
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Figure 4-3. Steady-state im muno-fluorescence  
localization o f Xp24§2 in primary cu ltured pituitary  
cells o f b lack-adapted Xenopus. Double  stainings 
o f Xp24§2 relative to marker proteins o f the 
intermediate compartment (p58) and  Golgi 
(G M 130) in the melanotrope cells o f the 
intermediate lobe (A) or cells o f the anterior lobe 
(B). Labeling o f 8 2 was perform ed with the avian 
anti-8 2 antibody. Bar: 5  pm.
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Figure 4-5. Double-immunofluorescence  
labeling o f Xp2 4 8 2  and  P O M C in primary  
cu ltured melanotrope cells o f the 
neurointermediate lobe (N IL) and  a num ber o f 
POM C-producing cells o f the anterior lobe (AL) 
o f b lack-adapted Xenopus. The amount o f 
POM C-producing cells in a cell suspension of 
the AL is ~10% . Antibodies used were the 
affin ity-purified anti-8 2  antibody, and the anti- 
P O M C antibody ST-62 that specifica lly 
recognizes the p recursor form and not the 
cleavage products o f POMC. Bar: 10 pm.
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Figure 5-3. Double-immunofluorescence  
localization o f the p 24  subfam ily members in 
melanotrope cells o f b lack-adapted Xenopus. A 
suspension o f melanotropes was seeded, 
cu ltured overnight, fixed and im munostained as 
described in Materials and Methods. Analysis 
was perform ed using confocal laser scanning  
microscopy. Bar, 5  im .
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Many eukaryotic cells secrete proteins in order to communicate with each other and with the 
cellular environment. For this purpose, eukaryotic cells are equipped with a secretory pathway, 
consisting of membrane-bounded compartments that each fulfill a specialized task in the 
biosynthesis of secretory proteins. Transport between these compartments is facilitated by 
transport vesicles that continuously bud from one compartment and fuse with the next. In the 
early secretory pathway, which consists of the endoplasmic reticulum (ER), the intermediate 
compartment, and the Golgi complex, two types of transport vesicles occur, namely coat protein 
(COP)-I and COPII-coated vesicles. The main task of the COPI coat complex seems to be the 
retrieval of resident components from the intermediate- and Golgi compartment to the ER, as 
well as from late to early stacks of the Golgi complex. The COPII coat complex is involved in the 
export of biosynthetic cargo from the ER. Once secretory proteins are correctly folded and 
assembled in the ER, they become segregated from ER-resident proteins by their selective 
incorporation into COPII-coated vesicles. These ER-derived vesicles fuse to form the 
intermediate compartment, which is subsequently transported towards the Golgi complex, while 
COPI-coated retrograde vesicles cycle components back to the ER. Members of the p24 family 
of type I transmembrane proteins are major constituents of both COPI- and COPII-coated 
vesicles, and are thus continuously cycling between ER and Golgi. The p24 proteins display a 
low degree of amino acid sequence conservation, but they share certain structural 
characteristics, such as a short cytoplasmic C-tail that contains coat-binding motifs, and a 
lumenal domain with two cysteine residues that enable the formation of a loop structure. 
Structurally, the p24 family can be subdivided into four subfamilies (designated p24a, -p, -y and 
-8) and consists of eight members in yeast and at least nine in human. The role of the p24 
proteins is still unclear but they are required for efficient ER export of a subset of cargo proteins 
in yeast and also seem to prevent the ER exit of misfolded- or mutated cargo and ER resident 
proteins. Furthermore, p24 proteins are known to assemble into large hetero-oligomers, a 
characteristic by which they may nucleate the formation of transport vesicles.
The purpose of the research described in this thesis was to identify and characterize the p24 
proteins in a single cell type, and to analyze the role these proteins play in the transport of cargo 
from ER to Golgi complex. As a model system we used the melanotrope cell of the intermediate 
pituitary of Xenopus laevis. These cells are responsible for the ability of the animal to display 
background adaptation. Two characteristics of this cell type make it a unique model to study 
protein transport in the secretory pathway. First, the activity of the melanotrope cells can be 
easily and efficiently manipulated in a physiological way from virtually inactive (in white-adapted 
animals) to highly active (in black-adapted animals), simply by changing the background color of 
the animal. Second, the secretory pathway of the melanotrope cells is fully devoted to fulfill a 
single, specialized task, namely the production and processing of the prohormone 
proopiomelanocortin (POMC) and the subsequent release of a-melanophore stimulating 
hormone (a-MSH); in biosynthetically active cells, POMC is by far the major product 
synthesized in the Xenopus melanotrope cells (>80% of the newly synthesized proteins). This 
biased and inducible nature of the secretory pathway in the melanotrope cells may simplify the 
understanding of the mechanisms involved in cargo transport between ER and Golgi.
In chapter 2, we characterized two members of the p248 subfamily, namely the previously 
identified p24 protein X1262 and a new, closely related subfamily member. According to the 
nomenclature in other species, the two members were named p2482 and p2481, respectively. 
The 82 protein was demonstrated to be coordinately expressed with POMC in the 
melanotropes: the high levels of POMC biosynthesis in the active melanotropes of black- 
adapted Xenopus are accompanied by highly increased (~25-fold) expression of this p24 
member. In contrast, the expression of 81 was only ~2.5 times induced upon activation of the 
melanotropes. Furthermore, the level of Xp2482 mRNA was ~5-fold higher in the melanotrope 
cells of black-adapted animals than in those of white-adapted animals, whereas Xp2481 mRNA 
expression was not induced. Thus, the p248 members are differentially expressed in the 
melanotropes, which is in strong favor of a role for the p248 proteins in selective cargo 
transport. In search for other Xenopus members of the p24 family, an extensive screening of two 
Xenopus cDNA libraries was performed, revealing five additional p24 proteins that represented 
members of the a, p, and y subfamilies. Furthermore, database searches revealed the existence 
of another member of the a  subfamily, namely a2. This brought the total of known Xenopus p24 
proteins to eight (chapter 3). Two of these members, a2 and y1, could not be detected in the
melanotrope cells, which demonstrates that p24 proteins can show tissue-specific expression. 
The remaining six members are expressed in the melanotropes and, considering the extensive 
screening approach, they are likely to represent the complete set of p24 proteins present in 
these cells. On the basis of their expression profiles in the active and inactive melanotrope cells, 
the six p24 proteins could be divided into two groups. One group consists of p24 proteins that 
are coordinately expressed with POMC, and contains a member of each subfamily (a3, pi , y3, 
and 82). The other group contains the members y2 and 81, and their expression levels in the 
melanotrope cells hardly changed upon background adaptation. We therefore conclude from 
this study that a3, pi , y3, and 82 are specifically involved in the transport of POMC, whereas y2 
and 81 have a role that is not directly related to POMC transport.
To establish in which subcellular compartments of the melanotrope cells the p24 proteins act, 
we performed a localization study (chapter 4). Using subcellular fractionation and 
immunofluorescence analysis, we found that when these cells become biosynthetically active, all 
members undergo a change in distribution from a restricted localization in the cis-Golgi to a 
much broader localization in all compartments of the early secretory pathway, including the ER 
exit sites and the intermediate compartment. Thus, in particular in the biosynthetically highly 
active melanotrope cells, the localization of p24 proteins is dynamic, which was confirmed by 
the finding that in these active cells the 82 protein redistributes towards perinuclear structures 
when the Golgi-to-ER cycling is blocked with the fungal metabolite brefeldin A, a characteristic 
that is common to all proteins that are continuously cycling in the early secretory pathway. In the 
active melanotropes, the major cargo protein POMC was mostly localized to ER subdomains 
and partially colocalized with the p24 proteins. Furthermore, our observation that the p24 
proteins rapidly redistribute towards the cis-Golgi when in the active cells protein synthesis is 
blocked by cycloheximide, suggested that the distribution of p24 proteins is directly related to 
cargo biosynthesis. Considering the proposed role of p24 proteins in providing the selectivity in 
cargo transport, the increased presence of the p24 proteins in pre-Golgi compartments in 
biosynthetically active melanotropes may be indicative of a higher need for cargo selectivity 
during the enormous flow of cargo proteins through these cells.
In chapter 5, we presented a number of preliminary studies on p24 complex formation in the 
melanotrope cells. Native gel electrophoresis and cross-linking analysis studies illustrated that 
the p24 protein 82, one of the members that is coordinately expressed with POMC, is able to 
form various complexes, including p24 heterodimers, -tetramers, and -octamers, whereas in 
case of the non-regulated member 81 multimeric forms were hardly detected. This may imply 
that the members that are thought to be specifically involved in the transport of POMC (a3, pi , 
y3, and 82) are more participating in p24 multimeric complexes than the other members (y2 and 
81). The subcellular localization of a3 and y3, and of pi and 82 appeared to be coupled in the low- 
density p58-containing gradient fractions, which may suggest that these p24 pairs form two 
separate heterodimers in the intermediate compartment of the highly active melanotropes. 
Although these observations require further investigation, they provide important implications for 
how p24 complex formation is related to p24 functioning in these highly active melanotrope 
cells.
In conclusion, the research described in this thesis has provided insight into the family of p24 
proteins in a single, well-characterized prohormone-producing cell, and the role p24 proteins 
may play in cargo-selective transport on the early secretory pathway.
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S A M E N V A T T IN G  (S U M M A R Y  IN D U TC H )
Voor een meercellig organisme is communicatie tussen cellen van essentieel belang. Ten 
behoeve van deze communicatie beschikken cellen over een secretieroute waarlangs allerlei 
eiwitten kunnen worden getransporteerd die vervolgens worden uitgescheiden (secretie- 
eiwitten) of aan de buitenkant van de cel aan de omgeving worden gepresenteerd 
(transmembraaneiwitten). Veel van dit soort eiwitten vervullen een signaalfunctie tussen 
verschillende cellen en spelen aldus een cruciale rol bij allerlei complexe processen in het 
organisme, zoals de signaaloverdracht tussen hersencellen, hormonale regulatie, 
weefseldifferentiatie tijdens de embryonale ontwikkeling en afweerreacties in het 
immuunsysteem.
De secretieroute is een binnen de cel geïsoleerd systeem van compartimenten die omgeven 
worden door membranen. Tijdens het syntheseproces worden eiwitten via deze compartimenten 
naar het celmembraan geleid. Het eerste compartiment is het endoplasmatisch reticulum (ER). 
Alle eiwitten die de secretieroute doorlopen, komen tijdens of direct na de synthese in dit 
compartiment terecht, waar zij worden gevouwen, en veelal op een aantal posities worden 
veranderd. Vervolgens worden de eiwitten in kleine transportblaasjes naar het zogenaamde 
Golgi-apparaat getransporteerd. Dit compartiment bestaat uit een aantal lamellen die 
achtereenvolgens door de te transporteren eiwitten worden doorlopen. Binnen de Golgi- 
lamellen ondergaan deze eiwitten veelal verdere veranderingen, en een aantal eiwitten wordt in 
dit compartiment gekliefd tot biologisch-actieve producten. Het laatste lamel van het Golgi- 
apparaat valt uiteindelijk uiteen in blaasjes, onder andere in secretieblaasjes. Deze 
secretieblaasjes versmelten vervolgens met het celmembraan, waardoor de inhoud buiten de 
cel vrij komt.
De transportblaasjes die van het ER naar het Golgi-apparaat bewegen, vormen een belangrijke 
kwaliteitscontrole stap tijdens het transport van secretie-eiwitten. Foutief of onvolledig 
gevouwen eiwitten worden namelijk niet opgenomen in de transportblaasjes. Deze eiwitten 
blijven in het ER waar ze opnieuw worden gevouwen of worden afgebroken. Ook eiwitten die 
een functie hebben in het ER worden nauwelijks aangetroffen in de transportblaasjes. Dit komt 
omdat enerzijds eiwitten die het ER niet mogen verlaten worden vastgehouden in delen van het 
ER waar geen transport plaatsvindt, een proces dat ER-retentie wordt genoemd. Anderzijds 
blijkt er ook tijdens de vorming van transportblaasjes op het ER-membraan een selectie tussen 
wel- en niet te transporteren eiwitten te worden gemaakt. Hoewel dit laatste proces nog niet is 
bewezen, wordt verondersteld dat bepaalde membraaneiwitten, zogenaamde cargo receptoren, 
hier een belangrijke rol bij spelen. Cargo receptoren zijn eiwitten die continu circuleren tussen 
het ER en het Golgi-apparaat en dus telkens mee worden verpakt in de transportblaasjes die 
tussen deze twee compartimenten bewegen. Van deze receptoren wordt gedacht dat ze een rol 
spelen bij het selectieproces doordat ze tijdens de vorming van transportblaasjes in het ER een 
interactie aangaan met eiwitten die getransporteerd moeten worden. Dit proefschrift handelt 
over een familie van membraaneiwitten, de zogenaamde p24-familie, waarvan de leden goede 
kandidaten zijn om als cargo receptoren te fungeren.
Om de p24-eiwitten te bestuderen werd gebruik gemaakt van een diermodel, de Zuid- 
Afrikaanse klauwkikker Xenopus laevis. Dit dier heeft de bijzondere eigenschap dat het de kleur 
van zijn huid aan kan passen aan de achtergrond waarop het zich bevindt: op een lichte 
achtergrond kleurt de huid wit en op een donkere achtergrond zwart. Dit proces wordt 
achtergrondadaptatie genoemd, en wordt gestuurd door een groepje zeer gespecialiseerde 
cellen (de melanotrope cellen) in de middenkwab van de hypofyse. Visuele informatie vanuit de 
hersenen leidt tot remming (witte achtergrond) of stimulatie (zwarte achtergrond) van deze 
cellen. Geactiveerde melanotrope cellen hebben maar één doel, namelijk het produceren van 
grote hoeveelheden van het a-melanoforen-stimulerende hormoon (a-MSH), dat de 
achtergrondadaptatie van het dier reguleert. Het specialistische karakter van de melanotrope 
cellen, de extreme verschillen in de mate van eiwitsynthese tussen actieve en inactieve cellen, 
alsmede het gemak waarmee dit is te reguleren (door middel van verandering van de 
achtergrond) maken deze cellen tot een uitstekend modelsysteem voor het bestuderen van de 
verschillende facetten van eiwitsecretie. Eiwitten die een rol spelen bij de aanmaak van het 
voorlopermolecuul van a-MSH, het pro-opiomelanocortine (POMC), zullen namelijk net als 
POMC verhoogd worden aangemaakt op het moment dat de melanotrope cel actief wordt. 
Binnen dit kader werd in dit proefschrift de mogelijke rol van de leden van de p24-familie als 
cargo receptoren voor POMC bestudeerd.
In de hoofdstukken 2 en 3 van dit proefschrift wordt de identificatie en karakterisering van de 
p24-eiwitten in Xenopus beschreven. In totaal werden zeven p24-leden gevonden, waarvan er 
zes daadwerkelijk voorkomen in de melanotrope cel. Er kon een onderverdeling worden 
gemaakt in vier subfamilies (p24a, -p, -y en -8), waarbij in de melanotrope cel de y- en 8- 
subfamilies met twee leden vertegenwoordigd zijn. Een van de belangrijkste bevindingen is het 
feit dat de aanmaak van de twee subfamilieleden binnen zowel de y- als de 8-subfamilie 
verschillend wordt gereguleerd. Terwijl y3 en 82 verhoogd worden aangemaakt op het moment 
dat de cel actief wordt, parallel aan de aanmaak van POMC, blijft de aanmaak van de p24- 
eiwitten y2 en 81 op een gelijk nivo. Dit wijst er op dat y3 en 82, in tegenstelling tot y2 en 81, 
specifiek een rol spelen bij het transport van POMC. In bredere zin betekent dit dus dat p24- 
eiwitten betrokken zijn bij cargo-specifiek transport. Deze bevinding is in overeenstemming met 
een rol van p24 als cargo receptor, maar in strijd met de in de literatuur eveneens genoemde 
opvatting dat p24-eiwitten structurele componenten zijn van transportblaasjes tussen ER en het 
Golgi-apparaat.
In hoofdstuk 4 werd de lokalisatie van de p24-eiwitten in de Xenopus melanotrope cel 
bestudeerd. Het bleek dat niet alleen het nivo van aanmaak, maar ook de plaats waar de p24- 
eiwitten zich bevinden afhankelijk is van de activiteit van de melanotrope cel. In een inactieve cel 
bevinden de p24-eiwitten zich in de eerste compartimenten van het Golgi apparaat, in 
overeenstemming met wat andere onderzoeksgroepen voor zoogdiercellen hebben beschreven. 
Echter, wanneer de melanotrope cel actief wordt, vindt een verschuiving van de lokalisatie 
plaats richting het ER. De verschuiving bleek direct afhankelijk te zijn van de aanmaak van 
POMC. Tijdens het continue pendelen van de p24-eiwitten tussen het ER en het Golgi 
apparaat, lijkt het transport van p24-moleculen in transportblaasjes vanaf het ER membraan in 
actieve cellen dus de snelheidsbepalende stap. Een verklaring voor dit gegeven zou kunnen zijn 
dat de selectie van cargo moleculen voor transport uit het ER meer tijd vergt op het moment dat 
de cel op maximaal vermogen eiwitten produceert.
Hoofdstuk 5 beschrijft een inleidende studie naar de interacties die p24-eiwitten onderling 
kunnen aangaan. Tot dusver is het niet gelukt om een interactie aan te tonen tussen p24- 
eiwitten (de cargo receptoren) en POMC (het cargo molecuul). Echter, het p24-eiwit 82, 
waarvan de mate van aanmaak parallel loopt aan dat van POMC, blijkt meer en grotere 
eiwitcomplexen te vormen dan het subfamilielid p2481. De exacte samenstelling van de 
gevonden complexen kon tot op heden nog niet worden bepaald, maar de groottes ervan lijken 
in overeenstemming te zijn met die van de eerder beschreven complexen van twee, vier of een 
veelvoud van vier p24-moleculen. Tevens werden aanwijzingen gevonden dat in het 
compartiment gelegen tussen het ER en het Golgi-apparaat (het intermediair compartiment) de 
p24-eiwitten in paren (te weten a3-y3 en P1-82) voorkomen waarvan de lokalisatie onderling 
verschilt. In andere compartimenten konden geen verschillen in lokalisatie worden aangetoond, 
wat er op zou kunnen wijzen dat de p24-eiwitten buiten het intermediar compartiment, 
bijvoorbeeld in het ER, onderling grotere complexen vormen. Verder onderzoek is nodig om 
deze hypothese te kunnen bevestigen.
Tenslotte worden in hoofdstuk 6 de beschreven bevindingen in een breder kader geplaatst. De 
p24-eiwitten vormen een moeilijk te bestuderen groep van eiwitten, vermoedelijk omdat zij 
betrokken zijn bij tal van kortstondige interacties. Toch heeft de karakterisering van de complete 
p24-familie in één enkel celtype, waarvan de activiteit eenvoudig kan worden gereguleerd, 
geleid tot een algemeen model voor het functioneren van p24-eiwitten in de melanotrope cel.
Als zodanig levert het onderzoek beschreven in dit proefschrift een bijdrage tot een beter begrip 
van de rol die p24-eiwitten spelen bij eiwittransport via transportblaasjes tussen het ER en het 
Golgi-apparaat.
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